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SUMMARY 

*  j 

1.  INTRODUCTION 

report  contains  a  description  of  a  deterministic,  com¬ 
puterized  method  (simulation  model)  for  predicting  the  surviva¬ 
bility  (relative  safety)  of  people  located  in  conventional  (NFSS) 
buildings  when  subjected  to  the  direct  effects  of  nuclear  weapons  - 
Effects  considered  include:  thermal  radiation,  prompt  nuclear 
radiation,  primary  blast  and  secondary  blast,  i.e.,  the  effects 
of  flow  velocities  tind  debris.  This  is  an  operational  tool 
which  has  been  applied  to  the  analysis  of  existing  buildings 
which  were  surveyed  in  detail.  , 

. The  report  also  contains  a  description  of  the  physical  basis 
supporting  this,  computer  program,  its  computational  structure 
and  limits  cf  application.  The  use  of  the  program  is  illustrated 
by  means  of  example  problems  representing  real  situations. 

-  —  •  Related  topics  considered  in  this  study  include:  distribu-* 
tion  of  blast-initiated  debris ,  shelter-cost  and  effectiveness 
comparisons  and  survivability  of  people  in  special  permanent  and 
expedient:  shelters . 

2.  PEOPLE  SURVIVABILITY-PREDICTION  MODEL 

The  reason  for  developing  this  model  is  to  provide  a  quick 
and  reliable  means  for  estimating  the  protection  afforded  by  conr 
ventional  buildings  when  subjected  to  the  direct  effects  of  im- 
clear  weapons.  The  reason  for  emphasizing  conventional  buildings 
is  that  these  structures  constitute  the  only  significant,  current 
sheltering  resource,  not  only  against  the  effects  of  nuclear  weap¬ 
ons,  but  also  against  natural  disasters  such  as  tornados  and  hurri¬ 
canes.  It  is  therefore  important  to  have  a  firm  understanding  of 
their  protective  capabilities. 


The  current  model  is  a  deterministic  simulation  procedure 
which  is  capable  of  considering  buildings  in  substantial  detail 
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and  of  predicting  numbers  of  survivors .  Its  detailed  formulation 
allows  the  user  to  consider  several  data  categories,  i.  e. ,  weapon 
environment,  building  characteristics,  bodily  positions-,  and  dis¬ 
tribution  of  personnel.  As  such  it  is  useful  in  determining  what 
building  characteristics  and  modes  of  evasive  action  are  impor¬ 
tant  in  maximizing  the  numbers  of  survivors. 

The  simulation  model  consists  of  five  parts: 

•  Data  input  routine 

~  •  Weapon  effects  generator 

•  Dose  prediction  routines 

•  Casualty  estimation  routines 

•  Output  routines 

Typical  input  includes  the  physical  description  of  the  building 
analyzed,  i.e. ,  geometry,  number  of  stories,  typical  room  lengths, 
percent  window  openings,  sill  heights,  and  wall  strengths.  People 
may  be  assumed  to  be  uniformly  distributed  in  standing  and/or 
prone  body  positions  in  all  or  selected  portions  of  the  building. 
The  weapon  environment  is  specified  by  providing  the  weapon  size, 
height  of  burst,  and  range  from  ground  zero.  The  latter  set  of 
data  is  used  by  “weapon  effects  generator”  routines  to  determine 
the  free-field  intensity  of  each  effect  at  the  location  of  the 
building  in  question.  Each  of  the  free-field  effects  is  then  mod¬ 
ified  by  the  presence  of  the  building  taking  into  account  its  ge¬ 
ometry  and  physical  properties.  The  modified  free-field  effects 
provide  the  basis  for  determining  dose  relationships  for  each  of 
the  effects  considered.  Doses  predicted  are  then  compared  with 
casualty  criteria  to  determine  number  of  survivors. 

The  simulation  model  uses  mortality  data  only  and  therefore 
survivors  include  both  the  injured  and  uninjured  personnel.  Very 
generally,  survivors  include  those  persons  who  are  expected  to 
survive  (live)  at  least  one  week  after  the  event  provided  that 
basic  rescue  operations  are  carried  out. 
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This  is  continuing  study,  and  although  the  simulation  model 
is  operational  an  attempt  is  being  made  to  improve  its  capabili¬ 
ties  in  several  areas.  The  most  important  of  these  is  to  provide 
a  capability  for  separating  survivors  into  injured  and  uninjured 
categories . 


This  simulation  model  was  applied  to  a  people  survivability 
analysis  of  25  existing  buildings  which  were  surveyed  in  details 


Sample  results  of  this  analysis  effort  are  included  in  the  report. 
Results  indicate  the  importance  of  collecting  appropriate  builds 
ing  data  and  the  taking  of  evasive  action  by  the  building  occu¬ 
pants. 


3.  DISTRIBUTION  OF  BLAST- INITIATED  DEBRIS 


Combustible  (burning)  building  debris  located  over  or  in 
proximity  to  basement  shelters  may  constitute  a  major  hazard  to 
shelter  occupants.  In  such  an  environment  casualties  may  be  pro¬ 
duced  as  a  result  of  flame  exposure,  smoke,  toxic  gases,  and  tem¬ 
perature  gradients.  Duration  and  intensity  of  these  effects  at 
any  given  location  depends  on  the  composition,  size,  and  distri¬ 
bution  of  the  ignited  debris  pile. 

Currently  very  little  usable  information  exists  on  realistic 
distributions^ of  urban  debris.  Studies  performed  to  date  can  be 
divided  into  two  categories,  i.e.,  those  which  were  primarily 
concerned  with  gross  distributions  of  debris ,  taking  Into  account 
large  urban  areas  and  numerous  building  types  and  those  concerned 
with  specific  cases  of  debris  information.  The  latter  category 
includes  numerous  experimental  (field)  studies.  Although  many 
debris  studies  have  been  performed  in  the  past,  none  of  these 
were  concerned  with  the  specific  makeup  of  debris  piles  at  the 
local  level,  i.e.*,  In  the  vicinity  of  various  buildings  contain¬ 
ing  shelters. 
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'*  A  portion  of  this  study  was  devoted  to  the  task,  of  predicts 
ihg  the  distribution  of  building  debris  including,  structural  com¬ 
ponents  and  building  contents.  .  -  -  : 

The  analysis  method  uses  a  deterministic  free-r light  model 
which  traces  the  trajectory  of  each  debris  piece  from  the  time  of 
separation  (rupture)  to  the  time  it  comes  to  test  downrange  from 

its  original  position.  The  primary  mechanism  producing  horizontal 

4» 

transport  is  due  to  aerodynamic  forces  generated  by  the  blast  wind. 
Vertical  motion  results  from  aerodynamic  lift  forces  and  gravity.. 
The  model  considers  impact  with  ground  surface,  the  possibility 
of  bounce  ana  subsequent  free  flight.  This  is  the  first  debris 
transport  model  capable  of  treating  buildings  in  detail.  As  such 
it  is  also  useful  in  predicting  overall  debris  profiles  for  the 
purpose  of  determining  the  extent  of  debris  clearance  operations . 

This  model  was*  applied  to  the  analysis  of  a  two- story  frame 
building  located  at  the  5  psi  range  of  a  1  MT  nuclear  weapon.  Re¬ 
sults  of  the  analysis  are  described  in  Chapter  3.  In  this  par?- 
ticular  example,  structural  deb*.  Is  became  distinctly  segregated 
from  the  building  contents.  .  - 

4.  COST  AND  SURVIVABILITY  ANALYSIS 

Chapter  4  contains  a  cost  and  people  survivability  compari¬ 
son  between  a  slanted  basement  and  a  corresponding  abovegrade 
shelter.  Both  shelters  have  equal  floor  areas  and  are  assumed 
to  be  located  in  identical  buildings  which  were  completely  de¬ 
signed  and  costed  in  the  course  of  this  study.  The  two  parent 
buildings  are  one-story  steel  frame  and  masonry  structures  coaanon- 
ly  used  as  small  office  buildings  or  medical  centers.  Cost  and 
people  survivability  estimates  are  given  for  these  four  cases: 

•  Conventional  buildings  without  basement 

•  Conventional  building  (no  basement)  with  a  15  psi 
(design)  dual-use  shelter  integral  with  the  parent 
structure. 

r 

•  Conventional  building  with  a  partial  basement 

•  Conventional  building  with  a  dual-use  partial  base¬ 
ment  shelter  -  15  psi  (design) . 
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Results  indicate  that  the  hardened  basement  shelter  is  less  cost¬ 
ly  and  suryivabilityvise  superior  to  the  aboveground  hardened; 
shelter.  - 

5.  analysis.  of  special  permanent  and  expedient  shb lters 

In  the  context  of  this  discussion  special  permanent  shelters 
are  defined  as  those  which  may  be  constructed  by  individuals  with 
direct  effects  and/or  fallout  radiation  protection  in  mind.  This 
may  include  a  concrete  block  basement  shelter,  a  wooden  lean-to 
basement  shelter  or  a  small  neighborhood  shelter  separate  from 
private  dwellings . 

Expedient  shelters  may  be  defined  as  those  structures  which 
are  capable  of  being  constructed  within  a  relatively  short  period 
of  time  by  unskilled  or  semiskilled  labor  using  little  or  no  spe¬ 
cialized  equipment.  Such  shelters  are  important  in  an  evacuation 
mode.  However  their  effective  use  requires  a  substantial  preplan¬ 
ning  and  prestocking  effort. 

A  fair  number  of  different  shelter  concepts  in  both  cate¬ 
gories  exist  at  this  time.  Eight  of  these  were  chosen  and  ana¬ 
lyzed  in  the  course  of  this  study.  Analytic  results  are  described 
in  Chapter  5  of  this  report. 


m 


.  __  -  ..  — .  - - ~^T»«M«xa«i*ajj»cr«»tss»TSMeraOT5«»«OT3ic£»**3anS2StiSaaE*2SI^$KEeE3S3&  -v< 


IIT  Research  Institute 
10  West  35th  Street 
Chicago,  Illinois  60616 

Detail*  of  illustrations  In 
ibi»  document  may  be  better 
studied  on  microfiche. 

IITRI  Project  J6144 
Final  Report 

PEOPLE  SURVIVABILITY  IN  A  DIRECT  EFFECTS  ENVIRONMENT 

AND  RELATED  TOPICS 

Contract  DAHC  20-68-C-0126 
DCPA  Work  Unit  1614D 


A.  Longinow 
G.  Ojdrovich 
L.  Bertram 
A.  Wiedermann 


Approved  for  Public  Release; 
Distribution  Unlimited 

DCPA  Review  Notice 


"This  report  has  been  reviewed  in  the  Defense  Civil  Preparedness 
Agency  and  approved  for  publication.  Approval  does  not  signify 
that  the  contents  necessarily  reflect  the  views  and  policies  of 
the  Defense  Civil  Preparedness  Agency." 


Defense  Civil  Preparedness  Agency 
Washington,  D.C.  203 10^ 


- 


May  1973 


U  ucj'^ 


:>  y 


-Voxels 


I 


FOREWORD 

This  is  the  final  report  on  IITRI  Project  J6144  entitled 
"People  Survivability  in  a  Direct  Effects  Environment  and  Related 
Topics."  The  work  reported  herein  was  performed  for  the  Shelter 
Research  Division,  Defense  Civil  Preparedness  Agency  under 
Contract  DAHC  20-68-C-0126 ,  Work  Unit  1614D.  It  was  monitored 
by  Mr.  C.  D.  Kepp'le,  Mr.  G.  N.  Sisson  and  Mr.  D.  A.  Bettge  of 
the  Shelter  Research  Division,  DCPA. 

The  study  was  conducted  in  the  Structural  Analysis  Section, 
Engineering  Mechanics  Division  of  IIT  Research  Institute  (IITRI) . 
IITRI  personnel  involved  in  this  study  include  A.  Longinow, 

G.  Ojdrovich  and  A.  Wiedermann.  Outside  consultants  include 
Dr.  L.  Bertram  of  the  Department  of  Mechanics,  Iowa  State  Univer¬ 
sity,  who  developed  the  methodology  for  predicting  the  blast 
loading  on  building  occupants  (Appendix  B) ;  and  Mr.  G.  A.  Kennedy 
of  George  A.  Kennedy  and  Associates,  Inc.,  Chicago,  Ill.,  who 
provided  cost  data  and  environmental  systems  designs  for  the  com¬ 
parative  study  reported  in  Chapter  4. 
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ABSTRACT 

This  report  describes  a  deterministic,  computerized  method¬ 
ology  for  predicting  the  survivability  (relative  safety)  of  people 
located  in  conventional  (NFSS)  buildings  when  subjected  to  the 
direct  effects  of  megaton  range  nuclear  weapons.  Individual  ef¬ 
fects  considered  include  thermal  radiation,  prompt  nuclear  radia¬ 
tion,  primary  and  secondary  blast  and  debris.  The  computational 
process  is  described  and  illustrated  by  means  of  example  problems. 

Related  topics  include:  distribution  of  blast-initiated  de¬ 
bris  ,  analysis  of  special  permanent  and  expedient  shelters  rela¬ 
tive  to  blast  effects  and  a  cost  and  survivability  comparison  of 
above-  and  below-grade  shelters. 
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CHAPTER  1 
STUDY  BASIS 

1.1  INTRODUCTION 

This  chapter  provides  the  basis  for  and  a  discussion  of 
IITRI  Project  J6144,  DCPA  Work  Unit  1614D,  whose  primary  objec¬ 
tive  was  to  develop  a  computerized  simulation  model  capable  of 
predicting  the  survivability  (relative  safety)  of  people  lo¬ 
cated  in  conventional  buildings  when  subjected  to  the  direct  ef¬ 
fects  of  nuclear  weapons.  Subsidiary,  related  topics  considered 
in  this  study  include: 

•  Distribution  of  Blast-Initiated  Debris 

•  Shelter  Cost  and  Effectiveness  Comparisons 

•  People  Survivability  in  Expedient  Shelters 

All  of  these  topics  are  discussed  briefly  in  this  chapter  and 
are  presented  in  detail  in  succeeding  chapters  of  this  report. 

1.2  DEVELOPMENT  OF  PEOPLE  SURVIVABILITY  PREDICTION  MODEL 


The  reason  for  developing  this  model  is  to  provide  a  quick 
and  reliable  means  for  assessing  the  protection  afforded  by  con 
ventional  buildings  and  primarily  by  those  which  contain  sub¬ 
stantial  numbers  of  people  for  significant  portions  of  the  day. 
This  latter  category  includes  most  if  not  all  of  the  National 
Fallout  Shelter  Survey  (NFSS)  structures. 


The  reason  for  emphasizing  conventional  buildings  is  that 
these  structures  constitute  the  only  significant  current  shel¬ 
tering  resource.  Each  of  them  has  some  level  of  inherent  ability 
in  providing  protection,  not  only  against  the  effects  of  nuclear 
weapons,  but  also  against  natural  disasters  such  as  tornados 
and  hurricanes.  It  is  therefore  important  to  have  a  firm 
grasp  of  their  protective  capabilities.  Although  much  of 
the  methodology  developed  in  this  study  is  applicable  to  the 
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evaluation  of  the  sheltering  potential  of  buildings  against  nat¬ 
ural  hazards,  the  current  emphasis  is  on  direct  effects  which 
occur  in  the  Mach  region  of  nuclear  weapons. 

The  ultimate  usage  of  results  is  to  provide  for  reliable 
on-site  assistance  at  the  local  level.  Results  of  this  study 
would  take  the  form  of  a  concise  building  classification  scheme 
which  would  be  used  for  the  rating  of  buildings  in  terms  of  their 
inherent  protective  capabilities  and  thus  for  the  optimum  dis¬ 
tribution  of  the  local  population  within  them  before  and  after 
the  event. 

This  simulation  mode.  is  also  capable  of  performing  damage 
assessment  studies  and  should  therefore  be  used  by  agencies  en¬ 
gaged  in  such  work.  The  model  is  a  deterministic  simulation  pro¬ 
cedure  which  is  now  capable  of  considering  buildings  in  substan¬ 
tial  detail  and  of  predicting  people  survivability.  Its  detailed 
formulation  allows  the  user  to  consider  several  data  categories 
(weapon  environment,  building  characteristics  ,  bodily  positions 
and  dispersal  of  personnel) .  As  such  it  is  useful  in  determining 
what  parameters  need  to  be  considered  and  to  what  degree  of  ac¬ 
curacy. 

Aside  from  the  input  and  output  portions,  this  model  consists 
of  three  parts  which  can  be  described  as  follows: 

•  Weapons  Effects  Generator 

•  Dose  Prediction  Routines 

•  Casualty  Estimation  Routines 

For  a  given  weapon  size,  height  of  burst  and  range,  the  "Weapon 
Effects  Generator"  determines  the  free  field  intensity  of  each 
effect  at  the  location  of  the  building  in  question.  Each  of 
these  is  then  modified  by  the  presence  of  the  building  taking 
into  account  its  geometry,  physical  properties  and  bodily  posi¬ 
tions  of  personnel.  This  is  done  using  the  various  "Dose  Predic¬ 
tion"  routines.  Doses  predicted  are  then  compared  with  casualty 
criteria  to  determine  percent  survivors.  The  operation  of  this 
model  is  discussed  and  illustrated  by  means  of  examples  in  Chap¬ 
ter  II. 
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The  model  uses  mortality  data  only  and  therefore  survivors 
include  both  the  injured  and  the  uninjured.  Very  generally,  sur¬ 
vivors  include  those  persons  who  are  expected  to  survive  (live) 
at  least  one  week  after  the  event  provided  that  basic  rescue 
operations  are  carried  out. 

The  current  model  is  a  direct  outgrowth  of  an  earlier  ana¬ 
lytic  model  entitled  Shelter  Evaluation  Program  (SEP)  (Ref.  1) 
which  was  developed  for  the  purpose  of  evaluating  the  effective¬ 
ness  of  NFSS  buildings  against  the  direct  effects  of  nuclear 
weapons.  In  applying  the  SEP  code  in  this  study  to  a  comparative 
analysis  of  buildings  which  were  surveyed  in  detail  it  was  dis¬ 
covered  that  results  were  insensitive  to  certain  distinct  struc¬ 
tural  and  geometric  building  variations  which  should  have  produced 
corresponding  variations  in  people  survivability.  An  examination 
of  the  code  was  performed  and  it  was  concluded  that  the  formula¬ 
tion  of  the  casualty  estimation  portion  of  the  SEP  code  was  too 
crude  for  a  sufficiently  detailed  evaluation  of  inherent  building 
protection.  It  therefore  became  necessary  to  introduce  certain 
modifications. 

It  must  be  noted  that  for  the  time  period  (1967-1968)  in 
which  the  SEP  code  was  developed  it  was  certainly  within  the  state 
of  the  art.  However,  significant  technical  progress  was  made 
since  then  in  several  important  areas;  computer  simulation  of 
people  response  (Ref.  2),  failure  characteristics  of  masonry 
walls  (Refs.  5  and  4),  debris  mechanics  (Ref,  5),  shock  wave  in¬ 
teraction  (Ref.  6),  and  therefore  modifications  were  both  warranted 
and  desirable. 

Modifications  were  undertaken  in  conjunction  with  a  detailed 
examination  and  documentation  of  the  original  SEP  code.  A  write¬ 
up  of  the  documentation  is  provided  as  an  annex  to  this  report. 
Routines  earmarked  for  revision  are  described  as  follows. 

Blast  Filling  (Loading)  Routine:  The  function  of  this  rou¬ 
tine  is  to  determine  the  time-dependent  blast  loading  experienced 
by  personnel  located  in  various  parts  of  buildings  as  a  function 
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of  free  field  conditions  and  building  geometry.  The  original 
version  assumes  the  loading  to  be  that  of  the  free  field  reduced 
by  a  factor  which  is  a  function  of  window  area  to  wall  area. 

People  Translation  Routine:  The  function  of  this  routine 
is  to  determine  magnitudes  and  types  of  impact  experienced  by 
personnel  when  subjected  to  blast  loading.  The  original  version 
simulates  a  building  occupant  as  a  single ,  rigid  block  capable 
of  rotating  about  the  base  and  translating  horizontally  but  re¬ 
strained  from  vertical  motion. 

Debris  Casualty  Routine:  The  .unction  of  this  routine  is 
to  determine  types  and  magnitudes  of  debris  impacts  experienced 
by  building  occupants  produced  by  the  breakup  of  building  walls. 

In  its  treatment  of  this  problem  the  SEP  code  neglects  the  rela¬ 
tive  motion  of  people  and  debris.  Also,  only  exterior  portions 
of  buildings  can  be  analyzed  with  any  degree  of  accuracy. 

Prompt  Nuclear  Radiation  Dose  Prediction  Routine:  The  func¬ 
tion  of  this  routine  is  to  predict  whole  body  nuclear  radiation 
doses  experienced  by  building  occupants  as  a  function  of  building 
mass  and  geometry.  As  a  result  of  recent  findings  (Ref.  7)  the 
dose  rate  data  contained  in  this  routine  are  out  of  date. 

Specific  modifications  performed  in  the  course  of  the  cur¬ 
rent  effort  are  described  in  the  foil  wing  paragraphs. 

1.2.2  Blast  Loading  Routine 

The  modified  version  is  a  two-dimensional  model  which  can 
consider  buildings  having  any  reasonable  number  of  stories  and 
rooms  located  on  each  srory.  Rooms  need  not  be  of  the  same  size. 
Walls  separating  them  can  have  any  number  of  openings  and  differ¬ 
ent  strengths.  Should  the  loading  be  such  that  the  strength  of 
any  exterior  wall  or  interior  partition  is  exceeded  in  the  load¬ 
ing  process,  the  routine  is  capable  of  considering  the  correspond¬ 
ing  failure  process  (time  variation  of  opening  produced  by  the 
failing  wall)  and  its  influence  on  the  loading  (pressures  and  ve¬ 
locities)  of  adjoining  rooms.  Individual  wall  strengths  and  re¬ 
sponse  times  are  provided  as  part  of  input  data. 
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The  routine  computes  diffraction  impulses  and  dynamic  pres¬ 
sures  at  various  locations  in  any  given  room  as  a  function  of 
time  and  geometric  and  physical  building  characteristics,  i.e., 
height  above  ground  surface,  area  of  openings  and  their  location, 
room  size  (height,  length  and  width),  building  geometry,  wall 
strengths  and  times  to  wall  failure.  These  loadings  can  then 
be  applied  to  individual  building  occupants  for  casualty  estima¬ 
tion. 

Since  the  routine  has  the  capability  of  considering  differ¬ 
ent  room  sizes  and  wall  strengths  it  provides  a  means  for  es¬ 
timating  the  relative  advantages  of  placing  people  in  exterior 
rooms,  interior  rooms,  corridors  or  in  some  proximity  reLative 
to  stairwell  and  elevator  shafts. 

The  major  disadvantage  is  its  two-dimensional  character. 

For  a  given  building  the  model  neglects  cross-flow  between  adja¬ 
cent,  parallel  bays  and  between  adjacent  stories.  Thus,  when  a 
large  rectangular  multistory  building  is  subjected  to  blast 
normal  to  one  of  its  sides,  then  results  of  this  model  apply  di¬ 
rectly  to  its  central  portion  and  approximately  to  the  end  por¬ 
tions  provided  all  bays  running  parallel  to  the  direction  of 
blast  are  essentially  the  same.  For  most  buildings  of  interest 
this  is  approximately  true. 

The  dominant  direction  of  flow  is  expected  to  be  in  the  di¬ 
rection  of  blast  propagation  and  thus  the  omission  of  cross  flow 
for  the  purpose  of  estimating  translation  casualties  is  not  con¬ 
sidered  to  be  serious  for  most  structures  of  interest.  This 
feature  can  be  added  in  the  future  provided  it  is  deemed  necessary 
after  this  model  is  sufficiently  exercised  and  evaluated.  It  will 
be  recalled  that  this  (two-dimensional)  model  represents  a  sig¬ 
nificant  improvement  over  the  model  previously  used. 

In  the  course  of  this  effort  the  blast  loading  model  was 
formulated,  programmed  and  checked  out.  However  due  to  time  con¬ 
straint  it  was  r.ot  possible  to  perform  the  needed  parametric 
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sensi.ti.vit  studies  and  incorporate  them  within  the  main  body  of 
the  overall  simulation  model.  The  physical  basis  and  the  corre¬ 
sponding  formulation  of  this  routine  is  described  in  Appendix  B. 

1.2.3  Translation  Survivability  Routine 

As  presently  modified,  this  routine  is  a  self-contained  model 
consisting  of  seven  subroutines.  The  model  accepts  data  on  the 
weapon  environment,  body  positions  of  personnel  and  building  char¬ 
acteristics  .  On  this  basis  it  determines  those  areas  in  any  given 
room  which  are  unaffected  by  the  blast  jet.  People  located  in 
such  areas  are  assumed  not  to  be  subjected  to  blast  translation 
as  long  as  external  walls  remain  in  place . 

A  given  building  occupant  is  simulated  by  means  of  a  plane, 
rigid  rectangular  block  having  three  degrees  of  freedom.  Depend¬ 
ing  on  specific  conditions  of  loading  and  room  ge^-try ,  the  occu¬ 
pant  may  impact  the  floor  and/or  the  far  wall  in  several  different 
ways,  i.e. ,  head,  foot  or  whole  body  impact..  Impact  type  magni¬ 
tudes  are  then  compared  with  casualty  criteria  to  determine  levels 
of  survivability.  The  formulation  of  this  routine  is  described 
in  Appendix  A. 

Appendix  A  also  describes  a  translation  simulation  routine 
which  treats  the  occupant  as  an  articulated  man  consisting  of 
three  rigid  masses  (head,  thorax,  lower  limbs)  interconnected  by 
means  of  nonlinear  springs.  This  representation  was  found  to  be 
superior  to  the  single  mass  model  described  above.  After  under¬ 
going  the  necessary  sensitivity  analysis,  this  model  will  be  in¬ 
corporated  within  the  body  of  the  translation  survivability  routine 

With  the  exception  of  the  blast  loading  portion,  the  current, 
operational  version  of  the  translation  survivability  routine  is  a 
complete  reformulation  of  the  one  originally  contained  in  the  SEP 
code,  both  in  its  dose  prediction  and  casualty  estimation.  It 
admits  of  more  detail  and  is  more  representative  of  rac  situa- 


For  the  time  being,  the  loading  experienced  by  personnel 
still  consists  of  the  free  field  diffraction  and  drag, modified 
(knocked  down)  by  a  factor  (ratio)  which  is  a  function  of  window 
opening  area  to  wall  area.  For  most  problems  of  interest  this 
loading  is  considered  to  be  conservative.  Just  how  conser’ ative 
this  is  will  be  established  when  this  loading  approach  is  replaced 
by  the  one  described  in  Appendix  B  in  conjunction  with  the  articu¬ 
lated  man  model. 

1.2.4  Current  Operational  People  Survivability  Model 

The  current  operational  model  is  considerably  more  detailed, 
compact  and  efficient  than  the  original  version.  Existing  por¬ 
tions  of  the  SEP  code  were  documented,  verified  and  corrected  as 
necessary.  Several  of  the  routines  earmarked  for  revision  were 
reformulated,  programmed  and  checked  out  as  described  previously. 
This  included: 

•  Blast  loading  routine 

•  Translation  survivability  routine 

•  Articulated  man  routine 

For  the  present  effort  these  were  considered  to  be  more  important 
than  the  debris  and  prompt  nuclear  radiation  routines  which  were 
left  in  the  original  form. 

When  it  concerns  mortality  estimates,  the  current  model  is 
considered  to  be  adequate.  In  its  present  form  it  applied  very 
well  to  multistory  framed  buildings  with  "weak"  walls  and  "weak" 
(studwall)  interior  partitions,  i.c.,  buildings  which  do  not  pro¬ 
duce  significant,  casualty  level  debris  when  interacting  with  the 
blast  wave.  As  long  os  exterior  walls  remain  in  place  it  applies 
quite  adequately  to  most  "strong  wall"  framed  and  load-bearing 
buildings . 

Debris  is  an  important  casualty  producer  in  the  remaining 
categories  of  shelter  space  and  especially  when  it  becomes  neces¬ 
sary  to  separate  survivors  in  injured  and  uninjured  categories. 

For  this  reason  it  becomes  useful  to  reformulate  the  current 
debris  casualty  prediction  routine. 
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1.3  BUILDING  ANALYSIS  EFFORT 

A  substantial  portion  of  the  total  effort  described  in  this 
report  was  devoted  to  the  survivability  analysis  of  two  cate¬ 
gories  of  buildings.  This  included  the  Detroit-Greensboro  build¬ 
ings  (Ref.  8,9)  and  a  set  of  "special11  buildings. 

Detroit-Greensboro  buildings  were  ten  NFSS  structures  which 
were  surveyed  in  detail  by  Research  Triangle  Institute  (RTI) . 

Their  data  formed  the  basis  for  the  recently  completed  "all  effects" 
survey.  They  were  analyzed  using  the  original  version  of  the  SEP 
code.  Although  these  structures  were  different  in  many  respects, 
these  differences  were  not  reflected  in  survivability  results  ob¬ 
tained.  Gn  the  basis  of  these  results  it  became  necessary  to  ex¬ 
amine  and  modify  the  SEP  code  as  described  previously. 

The  set  of  "special’1  buildings  analyzed  were  existing  struc¬ 
tures  not  of  the  NFSS  category  and  represented  an  operational 
analysis  effort.  Thirty-three  such  buildings  were  analyzed  in 
substantial  detail  using  hand  calculation  procedures  for  the  most 
part.  This  analysis  effort  formed  the  basis  for  the  various  SEP 
code  modifications  discussed  previously. 

1.4  DISTRIBUTION  OF  BLAST- INITIATED  DEBRIS 

Combustible  (burning)  building  debris  located  over  or  in 
proximity  to  basement  shelters  may  constitute  a  major  hazard  to 
shelter  occupants.  In  such  an  environment  casualties  may  be  pro¬ 
duced  as  a  result  of  flame  exposure,  smoke,  toxic  gases  and  tem¬ 
perature  gradients.  Duration  and  intensity  of  these  effects  at 
any  given  location  depends  on  the  composition,  size  and  distribu¬ 
tion  of  the  ignited  debris  pile. 

When  designing  fire  experiments  for  the  purpose  of  studying 
the  effectiveness  of  various  safety  measures  which  may  be  used 
by  shelter  occupants  to  mitigate  the  effects  of  fires,  it  is 
necessary  to  use  realistic  compositions  and  distributions  of  rep¬ 
resentative  building  debris.  Currently  very  little  usable  infor¬ 
mation  exists  on  realistic  distributions  of  urban  debris. 
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Studies  performed  to  date  can  be  divided  into  two  categories, 
i.e.,  those  which  were  primarily  concerned  with  gross  distribu¬ 
tions  of  debris ,  taking  into  account  large  urban  areas  and  numer¬ 
ous  building  types  (Refs.  10,11,12)  and  those  concerned  with  spe¬ 
cific  cases  of  debris  formation  (Ref.  13).  The  latter  category 
includes  numerous  experimental  (field)  studies.  Although  many 
debris  studies  have  been  performed  in  the  past,  none  of  these 
were  concerned  with  the  specific  makeup  of  debris  piles  at  the 
local  level,  i.e.,  in  the  vicinity  of  various  buildings  contain¬ 
ing  shelters. 


A  portion  of  this  study  was  devoted  to  the  task  of  predict¬ 
ing  the  distribution  of  building  debris  including  structural  com¬ 
ponents  and  building  contents.  This  was  done  in  support  of  fire 
experiments  conducted  under  DCPA  Work  Unit  1135A. 

The  analysis  method  uses  a  deterministic  free-flight  model 
which  traces  the  trajectory  of  each  debris  piece  from  the  time 
of  separation  (rupture)  to  the  time  it  comes  to  rest  downrange 
from  its  original  position.  The  primary  mechanism  producing  hori- 
zontal  transport  is  due  to  aerodynamic  forces  generated  by  the 
blast  wind.  Vertical  motion  results  from  aerodynamic  lift  forces 
and  gravity.  The  model  considers  impact  with  ground  su-  face,  the 
possibility  of  some  degree  of  bounce  and  subsequent  free  flight. 
This  is  the  first  debris  transport  model  capable  of  treating 
buildings  in  detail.  As  such  it  is  also  useful  in  predicting 
overall  debris  profiles  for  the  purpose  of  determining  the  ex¬ 
tent  of  debris  clearance  operations. 


This  model  was  applied  to  the  analysis  of  a  two-story  framed 
building  located  at  the  5  psi  range  of  a  1  MT  nuclear  weapon.  Re¬ 
sults  of  the  analysis  are  described  in  Chapter  3.  In  this  par¬ 
ticular  example,  structural  debris  became  distinctly  segregated 
from  the  building  contents. 
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1.5  COST  AND  SURVIVABILITY  ANALYSIS 

Chapter  4  contains  a  cost  and  people  survivability  compari¬ 
son  between  a  slanted  basement  and  a  corresponding  above  grade 
shelter.  Both  shelters  have  equal  floor  areas  and  are  assumed 
to  be  located  in  identical  buildings  which  were  completely  de¬ 
signed  and  costed  in  the  course  of  this  study.  The  two  parent 
buildings  are  one-story  steel  frame  and  masonry  structures  com¬ 
monly  used  as  small  office  buildings  or  medical  centers.  Cost 
and  people  survivability  estimates  are  given  for  the  following 
four  cases : 

•  Conventional  building  without  basement 

•  Conventional  building  (no  basement)  with  a  15  psi  (design) 
dual-use  shelter  integral  with  the  parent  structure 

•  Conventional  building  with  a  partial  basement 

e  Conventional  building  with  a  dual-use  partial  basement 
shelter  -  15  psi  (design) . 

Results  indicate  that  the  hardened  basement  shelter  is  less  cost¬ 
ly  and  survivabilitv-wise  superior  to  the  abovegrouna  hardened 
shelter. 

1.6  ANALYSIS  OF  SPECIAL  PERMANENT  AND  EXPEDIENT  SHELTERS 

In  the  context  of  this  discussion  special  permanent  shelters 
are  defined  as  those  which  may  be  constructed  by  private  individ¬ 
uals  with  direct  effects  and/or  fallout  radiation  protection  in 
mind.  This  may  include  a  concrete  block  basement  shelter,  a 
wooden  lean-to  basement  shelter  or  a  small  neighborhood  shelter 
separate  from  private  dwellings. 

Expedient  shelters  may  be  defined  as  those  structures  which 
are  capable  of  being  constructed  within  a  relatively  short  period 
of  time  by  unskilled  or  semiskilled  labor  using  little  or  no  spe¬ 
cialized  equipment.  Such  shelters  are  important  in  an  evacuation 
mode.  However  their  effective  use  requires  a  substantial  preplan¬ 
ning  and  prestocking  effort. 
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A  fair  number  of  different  shelter  concepts  in  both  cate¬ 
gories  exist  at  this  time.  Eight  of  these  were  chosen  and  ana¬ 
lyzed  in  the  course  of  this  study.  Analytic  results  are  described 
in  Chapter  5  of  this  report. 
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CHAPTER  2 

ANALYSIS  OF  PEOPLE  SURVIVABILITY 
IN  CONVENTIONAL  (NFSS)  BUILDINGS 


2.1  INTRODUCTION 

The  objective  of  this  chapter  is  to  describe  a  computer  sim¬ 
ulation  model  (program)  developed  for  the  purpose  of  predicting 
the  survivability  (relative  safety)  of  people  located  in  conven¬ 
tional  (NFSS)  buildings  when  subjected  to  the  direct  effects  of 
nuclear  weapons.  This  analytic  tool  was  developed  (and  is  in  a 
continuing  state  of  refinement)  as  part  of  a  study  whose  ultimate 
aim  is  to  provide  for  reliable  on-site  assistance  at  the  local 
civil  defense  level. 

This  model  is  a  direct  outgrowth  of  che  SEP  code  (Ref.  1) 
which  has  been  modified  as  described  in  the  previous  chapter. 

In  its  present  operational  form  the  model,  although  greatly  sim¬ 
plified  and  refined  over  that  of  its  original  version  is  still 
too  complex  and  technical  to  find  wide ,  general  application  by 
nontechnical  personnel. 

The  envisioned,  final  result  of  this  model  would  take  the 
form  of  a  concise  building  classification  scheme  which  could 
easily  and  reliably  be  used  at  the  local  civil  defense  level  for 
the  racing  of  buildings  in  terms  of  their  protective  capabilities 
and  thus  for  the  optimum  distribution  of  the  local  population 
within  them  before  and  after  the  event. 

At  present  the  computer  program  is  both  a  research  tool  and 
an  operational  device.  As  an  operational  device  it  has  been  ap¬ 
plied  to  a  fairly  modest  sample  of  buildings  which  included  the 
Detroit-Greensboro  buildings,  33  "special  buildings"  and  25  all¬ 
effects  survey  buildings.  As  a  research  tool  it  is  hoped  that 
sufficient  exercising  of  this  model  together  with  recommended 
updates  and  revisions,  on  a  sufficiently  wide  spectrum,  of  build¬ 
ings  will  produce  reliable  data  upon  which  a  simplified  building 
classification  scheme  may  be  built. 


This  chapter  discusses  the  formulation  of  this  computer 
program,  its  physical  basis  and  usage-  Some  representative  re¬ 
sults  are  illustrated  by  means  of  example  problems. 


2.2  DESCRIPTION  OF  THE  MODEL 


2.2.1  Scope  of  the  Model 


As  discussed  in  the  previous  chapter,  the  primary  emphasis 
of  the  study  which  resulted  in  the  formulation  of  this  computer 
program,  is  on  conventional  (NFSS)  buildings.  Generally  these 
are  large,  framed  (reinforced  concrete  and  steel)  and  load-bearing 
structures  which  contain  substantial  numbers  of  people  for  sig¬ 
nificant  portions  of  the  day.  Ir.  its  present  state  of  development 
the  model  is  capable  of  considering  low  and  high-rise  framed 
buildings  (with  or  without  basements)  with  a  high  degree  of  con¬ 
fidence.  Very  generally  such  buildings  are  for  the  most  part 
diffraction  sensitive,  i.e.  ,  when  interacting  with  a  blast  wave 
the  wails  are  expected  to  fail  and  be  removed  early  in  the  load¬ 
ing  with  the  frame  remaining  essentially  intact.  In  such  build¬ 
ings  the  major  hazard  is  the  translation  and  the  "sweeping  out" 
of  people  by  the  high  velocity  winds. 

The  model  is  not  capable  of  treating  load-bearing  buildings 
with  the  same  degree  of  confidence.  For  the  most  part  such 
buildings  are  expected  to  collapse  catastrophically  once  the  ex¬ 
terior  (load-bearing)  walls  fail.  Although  in  buildings  having 
large  and  moderate  apertures  (windows) ,  translation  of  personnel 
will  pose  a  serious  hazard,  debris  casualties  produced  by  the 
breakup  and  collapse  of  the  structure  are  expected  to  be  at 
least  as  significant  if  not  more  so.  In  its  present  stage  of 
development  this  simulation  model  does  not  contain  a  rational 
procedure  for  estimating  casualties  produced  by  the  collapse  of 
a  load-bearing  building. 


The  current  model  considers  only  the  direct  (prompt)  effects 
which  occur  in  the  Mach  region  of  nuclear  weapons.  These  ef¬ 
fects  and  the  corresponding  casualty-producing  mechanisms  are 
listed  in  Fig.  2.1  in  the  order  of  the  event. 
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Thermal  Radiation 


Burn  Casualty 
(Whole  Body) 


Prompt  Nuclear  Radiation 


Radiation  Casualty 
(Whole  Body) 


Primary  Blast 


Blast  Casualty 
(Pulmonary  Hemorrhage) 


Secondary  Blast 

•  Impact 

i — - 

j  •  Debris 

(Blunt,  Penetrating) 

•  Acceleration 


Impact  Casualty 
(Head,  Whole  Body) 

Impact  Casualty 
(Head,  Thorax, 
Abdomen.  Limbs) 

Acceleration  Casualty 
(Whole  Body  ) 


Fig.  2.1  Effects  and  Casualty-Producing  Mechanisms 

Considered  in  the  Operational  Simulation  Model 
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The  correspondence  between.  effects  and  casualty  mechanisms  is 
for  the  most  part  self-explanatory. 

As  mentioned  in  the  previous  chapter  this  simulation  model 
uses  casualty  data  which  make  no  distinction  between  injured  and 
uninjured  in  the  conventional  sense.  It  predicts  numbers  of  sur¬ 
vivors  based  on  several  general  though  major  categories  of  trauma 
(see  Fig.  2.1).  On  this  basis,  survivors  include  those  persons 
who  are  expected  to  live  (survive)  at  least  one  week  after  the 
event  provided  basic  rescue  operations  are  carried  out. 

Although  currently  available  casualty  data  are  very  limited, 
they  are  nonetheless  capable  of  being  categorized  so  to  allow 
for  at  least  a  crude  distinccion  between  the  injured  and  uninjured. 
Since  the  current  effort  is  a  first  detailed  study  of  people  sur¬ 
vivability  in  a  direct  effects  environment,  the  complexity  which 
would  have  been  introduced  by  the  task  o-  categorizing  casualty 
data  did  not  appear  warranted  especially  since  several  of  the 
dose  prediction  models  (debris  casualty  prediction  routine  for 
example)  are  still  too  crude  to  justify  the  effort. 

The  influence  of  fires  which  may  occur  subsequent  to  prompt 
effects  is  not  considered  in  this  simulation  model.  In  a  fire 
environment  casualties  can  occur  as  a  result  of  flame  exposure, 
smoke,  toxic  gases  and  temperature  gradients.  The  task  of  evalu¬ 
ating  the  sheltering  potential  of  buildings  against  blast  induced 
fire  effects  is  significantly  different  from  that  of  prompt  ef¬ 
fects  and  requires  the  results  of  a  prompt  effects  analysis. 

For  a  given  attack  condition  the  occurrence,  distribution  and  in¬ 
tensity  of  fires  is  dependent  on  the  fire  load  and  the  manner 
in  which  the  ignited  pieces  become  distributed  and  intermixed 
among  the  resulting  debris  piles.  An  initial  investigation  into 
the  makeup  of  debris  piles  both  for  the  fire  problem  and  the 
people-debris  interaction  problem  is  reported  in  Chapter  3. 

Fire  hazard  is  also  dependent  on  secondary  contributions 
such  as  the  existence  of  heating  fuels,  broken  gas  lines,  etc. 
further,  the  exten«_  to  which  a  given  fire  is  capable  of  producing 
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casualt5.es  in  a  building  depends  on  the  ability  of  its  occupants 
in  mitigating  its  effects,  i,e.,  putting  it  out,  reducing  its 
intensity  by  removing  debris  ,  evacuating  the  building,  etc.  The 
formulation  of  the  fire  problem  for  the  purpose  of  evaluating 
the  sheltering  potential  of  buildings  is  being  considered  in 
another  study  (Ref.  2)  on  an  experimental  basis. 

2.2.2  Description 

The  computer  program  is  a  deterministic  procedure  which  is 
capable  of  considering  buildings  in  substantial  detail  and  of 
predicting  the  relative  safety  of  people  located  within  when  sub¬ 
jected  to  the  direct  effects  of  nuclear  weapons.  The  detailed 
formulation  allows  the  user  to  consider  many  categories  of  data 
(weapon  environment,  building  characteristics,  body  positions 
and  dispersal  of  personnel)  and  to  determine  the  importance  of 

each  variation  on  the  inherent  safety. 

• 

As  mentioned  in  the  preceding 'chapter ,  the  model  consists 
of  a  series  of  routines  with  appropriate  updates  and  revisions 
from  the  original  SEP  code  (Ref.  1)  In  its  most  basic  form  it 
consists  of  the  following  parts. 

1.  Input :  The  input  routine  accepts  data  on  the  weapon 
size,  height  of  burst  and  range  from  ground  zero.  Building 
description  is  input  in  terms  or  geometry  and  physical  properties. 
This  includes  data  on  window  sizes,  sill  heights,  jype  of  window 
covering,  failure  overpressure  levels  for  exterior  and  interior 
walls,  debris  size  distributions,  etc.  The  program  also  re¬ 
quires  data  on  personnel,  i.e.,  where  they  are  located  and  in 
what  initial  bodily  positions  —  prone  or  standing.  Basements 
and  upper  stories  are  treated  separately. 

In  its  present  stage  or  development  in  order  to  arrive  at 
an  estimate  of  people  survivability  in  a  given  building,  a  struc¬ 
tural  analysis  of  its  walls,  floor  systems  and  if  necessary, 
frame  must  be  performec  beforehand.  Analytic  results  sought  in¬ 
clude  collapse  overpressures,  modes  of  and  times  to  collapse  of 


each  pertinent  structural  component.  These  results  are  then 
used  by  the  computer  program  along  with  known  building  geometry 
and  weapon  data  to  arrive  at  the  survivability  estimate  for  each 
of  the  effects  tabulated  earlier. 

2.  Dose  Prediction  Routines:  This  set  of  routines  determines 
the  intensities  of  individual  effects  and  casualty  mechanisms 
that  are  experienced  by  personnel  in  subject  building, 

•  Thermal  Radiation  --  This  routine  modifies  the  in¬ 
tensity  of  free  field  thermal  energy  for  each  room 
facing  the  direction  of  blast  by  the  presence  of 
window  glass,  curtains,  window  sills,  neighboring 
buildings,  etc.  Resulting  intensities  are  applied 
uniformly  to  the  room  occupants. 

•  Prompt  Nuclear  Radiation  —  This  routine  modifies 
the  intensity  of  free  field  nuclear  radiation  for 
each  room  by  the  use  of  building  mass  and  geometry. 
Resulting  intensities  are  applied  uniformly  to 
room  occupants . 

•  Blast  Filling  —  By  making  use  of  building  geometry, 
sizes  of  window  openings,  room  geometries,  failure 
overpressure  levels  for  exterior  and  interior  walls, 
this  routine  determines  the  time  dependent  dynamic 
pressure  intensities  within  each  room  analyzed. 

•  Blast  Translation  and  Impact  Routine  —  Using  the 
loading  determined  in  the  blast  filling  routine, 
this  routine  applies  it  to  simulated  personnel  lo¬ 
cated  in  respective  rooms  to  determine  the  type  and 
intensity  of  impact  velocities.  Impacts  can  be  on 
the  floor,  walls  or  on  the  ground  surface.  It  may 
be  a  head  or  a  whole  body  impact. 

•  Acceleration  Routine  --  This  routine  monitors  dy¬ 
namic  pressure  intensities  experienced  by  personnel 
in  respective  rooms.  Body  accelerations  produced 
by  dynamic  pressures  are  capable  of  producing  in¬ 
capacitating  trauma  without  the  aid  of  translation 
and  impact  (Ref.  3). 

•  Debris — This  routine  makes  use  of  a  free-flight 
rigid  body  (debris)  model  to  determine  types  and 
intensity  of  debris  impact  on  personnel.  Only  struc¬ 
tural  debris  as  occurs  from  the  breakage  of  walls 

is  considered. 
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3.  Casualty  Estimation  Routines:  A  routine  is  provided  to 
relate  each  of  the  computed  dose  intensities  to  corresponding 
casualty  criteria.  These  criteria  are  contained  within  the  body 
of  the  program  and  are  described  in  Appendix  C.  A  flow  chart 
of  the  computational  process  is  shown  in  Fig.  2.2. 

The  simulation  model  does  not  consider  synergistic  effects 
in  the  strict  sense  of  the  term.  Biomedical  data  capable  of 
being  used  for  this  purpose  simply  do  not  exist.  For  want  of  a 
better  approach  the  model  combines  casualty  probabilities  (P^) 
for  each  of  the  effects  considered  to  arrive  at  a  total  casualty 
probability  (P)  as  follows : 

i=u 

?  =1"  H  (1  -P,) 
i=I  1 

The  current  simulation  model  is  in  two  distinct  forms.  The 
first  form  consists  of  routines  comprising  the  simulation  of  the 
process  dependent  on  detailed  input  and  followed  by  a  step  by 
step  solution  of  the  problem.  In  this  form  parameters  such  as 
weapon  yield,  height  of  burst,  specific  location  of  people  in 
building,  wail  density  and  thickness,  fragment  size  distribution, 
translation  mechanics,  etc.  are  considered  using  the  established 
computational  algorithm. 

The  second  form  of  the  model  (see  Appendix  C)  is  a  simpli¬ 
fied  operational  version  in  which  standardization  of  weapon  param¬ 
eters  and  assumption  of  uniform  distribution  of  people  within 
the  building  allowed  tabularization  of  survivability  results 
based  upon  the  previous  exercising  of  the  first  form.  By  using 
standardized  results  and  then  appropriately  modifying  them  for 
specific  buildings  ,  survivability  estimates  can  be  made  with  a 
fraction  of  the  time  and  effort  originally  required.  For  a  spe¬ 
cifically  defined  (nontypical)  area  in  a  building  whose  shelter¬ 
ing  potential  is  to  be  investigated,  the  first  form  of  the  program 
would  apply.  For  average  results  for  a  series  of  buildings  the 
second  form  is  very  adequate. 
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For  a  Specified  Weapon 
Generate  Free  Field  Environment 
at  the  Building  Site 


Modify  the  Free  Field 
as  a  Function 
of  Building  Parameters 


Determine  the  Effect 
of  the  Modified  Environment 
on  Building  Occupants 


Combine  Casualty  Predictions 
for  Each 

of  the  Various  Mechanisms 


Result : 

Estimate  of  the  Survivability 
of  Building  Occupants 
as  a  Function 

of  Free  Field  Overpressure 
at  the  Site 


2.2  General  Computational  Process 
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Survivability  of  people  located  in  upper  stories  is  analyzed 
for  all  of  the  previously  mentioned  effects  using  the  first  or  the 
second  form  of  this  simulation  model.  Basements  are  treated  sep¬ 
arately  because  most  often  the  primary  casualty  mechanism  in¬ 
volved  is  the  debris  from  the  collapse  and  breakup  of  the  over¬ 
head  floor  system.  The  following  section  illustrates  the  opera¬ 
tion  of  the  model  using  a  simplified  example.  "Jesuits  for  several 
existing  buildings  are  described  in  succeeding  sections. 

2.3  ILLUSTRATION  OF  PROGRAM  USAGE 

2.3.1  Typical  Problem 

This  section  ill"strates  the  usage  of  this  simulation  model 
in  terms  of  data  requirements  and  the  type  of  results  that  are 
produced.  The  model  is  applied  to  a  building  shown  in  Fig.  2.3 
with  the  requirement  of  determining  people  survivability  (up¬ 
stairs  and  in  the  basement)  when  subjected  to  the  prompt  effects 
of  a  single  megaton  range  nuclear  weapon. 

Figure  2.3  shows  an  elevation  view  of  a  two-story  reinforced 
concrete  frame  building  (with  a  basement)  which  is  located  in  the 
open  and  away  from  other  buildings.  All  of  the  necessary  geo¬ 
metric  data  are  given  in  the  figure.  This  is  a  section  through 
a  long  building  which  is  three  bays  wide.  The  bays  are  16  ft 
along  the  short  direction  and  24  ft  along  the  long  direction. 
Windows  are  large  and  represent  50  percent  of  the  total  front 
wall  area  and  are  completely  screened  by  means  of  blinds.  Strength 
(incipient  collapse  overpressure)  of  exterior  walls  is  estimated 
at  6  psi.  Sill  height  is  2  ft.  Interior  partitions  are  stud- 
walls  (not  shown)  and  have  an  inherent  strength  of  approximately 
0.5  psi.  Studwall  debris  is  assumed  not  to  produce  mortality 
level  casualties. 

The  slab  over  the  basement  is  8  in.  thick  and  has  one-way 
action.  It  is  continuous  over  the  interior  beams  and  columns 
and  is  simply-supported  along  the  peripheral  walls.  Analysis 
results  indicate  that  the  center  span  will  experience  yielding 
at  12.6  psx  and  collapse  at  14.8  psi.  Outside  spans  are  expected 
co  yield  at  9.5  psi  and  collapse  at  11  psi. 
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People  are  assumed  to  be  uniformly  distributed  at  approxi¬ 
mately  10  sq  ft  per  person  and  both  the  standing  and  the  prone 
cases  are  investigated  herein.  Data  described  are  necessary  and 
sufficient  to  perform  the  required  analysis.  The  results  are 
given  in  Fig.  2.4. 

This  is  a  framed  building  with  "weak”  walls  and  is  primarily 
diffraction  sensitive.  For  the  range  of  overpressures  of  inter¬ 
est  (0  to  16  psi)  the  walls  will  fail  leaving  the  frame  (beams, 
columns,  roof,  second  story  slab)  essentially  intact.  Since  win¬ 
dows  are  large  and  interior  partitions  weak ,  building  debris  will 
not  be  a  major  casualty  producer  in  the  upper  stories. 

Results  given  in  Fig.  2.4  represent  total  (combined)  survi¬ 
vability  estimates  for  all  effects  described  earlier  as  a  func¬ 
tion  of  overpressure  for  several  different  people  location  and 
body  positions.  Each  overpressure  level  is  produced  by  a  single 
(1  MT  yield)  nuclear  weapon.  In  the  upstairs  portions,  the  major 
casualty  mechanism  is  people  translation  and  impact  produced  by 
the  high  velocity  winds.  In  the  basement,  the  primary  casualty 
mechanism  is  debris  produced  by  the  breakup  and  collapse  of  the 
overhead  (reinforced  concrete)  slab. 

The  worst  case  is  that  of  standing  second  story  occupants. 
The  same  case  for  the  first  story  is  slightly  better  since  these 
people  do  not  experience  free  tall  from  a  higher  level.  The  most 
favorable  case  is  that  of  prone  first  story  occupants  which  is 
distinctly  different  from  that  of  the  worst  case.  The  basement 
provides  the  best  protection  up  to  the  point  at  which  yielding 
is  produced.  After  that  significant  casualties  are  produced  at 
a  faster  rate  than  that  of  upper  stories. 

The  basement  overhead  slab  Is  assumed  to  fail  in  the  manner 
shown  in  Fig.  2.3.  Failure  is  initiated  at  9.5  psi  in  the  edge 
spans.  They  pull  off  the  supports  and  rotate  about  the  interior 
columns  forming  "tents51  at  about  11  psi.  Complete  collapse  of 
the  edge  spans  occurs  at  12  psi  leaving  33  percent  survivors. 


-mm 


Percent  Survivors 


1.  Second  story  (standing  occupants) 

2.  First  story  (standing  occupants) 

3.  First  and  second  story  -  average  (standing  occupants) 

4.  Second  story  (prone  occupants) 

5.  First  story  (prone  occupants) 

6.  First  and  second  -  average  (prone  occupants) 

7-  Basement 

Fig.  2.4  People  Survivability  Estimate , 

Sample  Building  (Fig.  2.3) 
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The  center  span  yields  at  12.6  psi  and  collapses  at  14.8  psi 
leaving  zero  survivors.  People  are  uniformly  distributed  in  the 
basement  and  whether  they  are  standing  or  prone  is  not  an  impor¬ 
tant  consideration  as  far  as  this  particular  casualty  mechanism 
is  concerned.  The  collapse  of  the  slab  is  considered  in  pre¬ 
dicting  the  survivability  of  people  on  the  first  story. 

Although  in  the  range  of  13  to  16  psi  the  first  story  (see 
curve  5,  Fig.  2.4)  provides  the  best  shelter  space  in  this  build¬ 
ing  if  all  occupants  are  prone,  it  should  be  noted  that  survivors 
include  injured  and  uninjured  personnel.  Due  to  fewer  casualty 
mechanisms  manifest  in  the  basement  (see  curve  7),  this  shelter 
area  would  contain  a  greater  percentage  of  uninjured  survivors 
than  would  upper  stories. 

Some  factors  affecting  people  survivability  in  upper  stories 
and  basements  are  described  in  the  fol lotting  sections  using  some 
results  from  the  "all-effects'1  survey  analysis. 

2.3.2  Survivability  of  People  Located  in  Upper  Stories 

Analysis  of  upper  stories  (using  the  program  described  in 
Appendix  C)  results  in  curves  showing  percent  of  building  occu¬ 
pants  surviving  ail  prompt  effects  as  a  function  of  free  field 
overpressure  at  the  site.  Twc  curves  are  produced  for  each  build¬ 
ing  analyzed:  tne  first,  showing  survivability  if  all  people  are 
initially  standing,  the  second,  if  all  people  are  initially  prone. 

Many  factors  enter  into  a  building's  potential  as  shelter. 

Of  primary  importance  are  exterior  wall  strength  and  percentage 
apertures  of  the  walls.  Figures2.5  anc  2.6  show  results  for  two 
buildings  with  no:. load-bearing  arching  walls.  Below  are  compara¬ 
tive  data  for  the  twc  buildings: 

Building  13 

Typical  wall  strength  (psi)  27.9 

Percentage  apertures  76.0 

Overpressure  for  50  percent  survivors  (psi) 

Standing  6.0  11.5 

Prone  14.9  12.4 


Building  204 
11.6 
10.0 


% 


% 
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Frame  Type:  Steel 

Plan  Dimensions  :  100'  x!25' 

Height:  81' 

Number  of  Floors:  5 

Exterior  Wall  Type:  Two-way  reinforced  NLBW  -with  arching  action 
Material:  8"  stone/8"  brick/12"  brick 
Typical  Strength:  27.9  psi 
Aperture  Percent:  75 

Interior  Partitions:  8"  brick/6"  clay  tile/4!!  wood  studv;alls 


Standing 


Prone 


FREE  FIELD  OVERPRESSURE'  CPSI) 


Fig,  2.5  Upper  Floor  Survivability  Estimates 

Building  13,  Leavitts  Department  Store 
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Frame  Type:  Reinforced  concrete 
Plan  Dimensions:  53’  x!40' 

Height:  69' 

Number  of  Floors:  6 

Exterior  Wall  Type:  Two-way  unreinforced  masonry  NLBW 

with  arching  action 

Material:  4"  brick,  8"  structural  clay  tile 
Typical  Strength:  11.6  psi 
Aperture  Percent :  10 

Interior  Partitions:  Clay  tile /wood  studwalls 


Prone 
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FREE  FIELD  OVERPRESSURE  (PSD 

fig.  2.6  Upper  Floor  Survivability  Estimates 

Building  204,  Brady  Moving  and  Storage  Building 
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These  ret.  its  (and  all  ocher  results  co  date)  indicate  that  shel¬ 
ter  occupants  taking  an  initially  prone  position  will  have  a 
considerably  better  chance  of  surviving.  Additionally,  although 
building  13  has  walls  twice  as  strong  as  building  204,  it  has 
significantly  greater  window  area.  The  disadvantage  of  the  window 
area  nullifies  many  advantages  the  very  strong  wall  panels  have. 
Figures  2.7  through  2.10  show  survivability  estimates  for  four 
buildings  of  differing  construction,  wall  strengths,  and  window’ 
percentage.  Below  are  some  comparative  data  for  these  buildings: 


Buildings 

63 

132 

146 

195 

Load 

Load 

Wall  construction  type  Nonarching 

Bearing 

Arching 

Bearing 

Typical  wall  strength  (psi) 

1.0 

3.5 

4.4 

4.7 

Percentage  apertures 

50.0 

25.0 

85.0 

20.0 

Overpressure  for  50  percent 

survivors  (psi) 

Standing 

5.8 

5.3 

6.1 

5.7 

Prone 

9.2 

6.2 

7.8 

8.6 

The  survivability  estimates  for  people  initially  standing  are 
very  similar  for  all  of  the  four  buildings  even  though  wall  con¬ 
struction  types,  wall  strengths,  and  window  percentage  are  very 
different.  Note  that  the  wall  failure  overpressures  although  dif¬ 
ferent  are  comparatively  low  with  a  range  from  1.0  psi  to  4.7  psi. 
The  comparisons  made  in  the  above  examples  tend  to  indicate:  first, 
with  wall  strengths  in  the  higher  overpressure  ranges  the  amount 
of  window  area  has  considerable  influence  on  survivability;  second, 
with  'wall  strengths  in  the  low  overpressure  ranges  any  number  of 
structure  variations  make  little  difference  in  survivability. 

2.3.3  Survivability  of  People  Located  in  3'isements 

Analysis  of  people  survivability  in  basements  is  done  sep¬ 
arately  from  upper  floor  survivability  analysis,  because  in  the 
vast  majority  of  cases  only  one  casualty  mechanism  dominates, 
i.e.,  debris  from  the  collapse  of  the  overhead  floor  system. 

In  this  analysis,  people  are  assumed  to  be  uniformly  distributed 
throughout  the  basement  area,  and  once  the  floor  system  collapses 
into  the  basement  all  occupants  are  considered  casualties. 
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Frame  Type:  Steel 

Plan  Dimensions:  76*  x349* 

Height :  34 ‘ 

Number  of  Floors:  3 

Exterior  Wall  Type:  One-way  cantilever  unreinforced  masonry  NLBW 
Material:  4"  brick,  2n  cavity,  4”  concrete  block 
Typical  Strength:  1.0  psi 
Aperture  Percent:  50 
Interior  Partitions:  6“  concrete  block 


63.  ftMtmtLLE  JUNIOR  H.  S. 

Fig.  2.7  Upper  Floor  Survivability  Estimate 

Building  63,  Amityville  Jr.  High  School 
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Frame  Type:  Exterior  bearing  wall/interior  steel 
Plan  Dimensions:  78'  x  121' 

Height:  71 1 
Number  of  Floors :  4 

Exterior  Wall  Type:  One-way  reinforced  masonry  LBW 

with  horizontal  arching  action 

Material:  4"  brick,  12"  concrete  block/33M  to  42"  stone 

Typical  Strength:  6.5  psi 

Aperture  Percent:  25 

Interior  Partitions:  4"  or  12"  unreinforced  concrete  block 


ntorced  masonry  klbw 
action 

concrete  block 

crete  masonry/5 .5U  steel  studwalls/ 
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However,  different  modes  of  failure  are  possible  in  which  an 
initial  collapse  does  not  endanger  all  personnel.  This  type  of 
failure,  called  "tenting",  is  shown  in  an  idealized  way  in 
Fig.  2.11.  A  floor  slab  after  failing  may  still  provide  some 
protection  for  people  near  th-  walls  of  the  basement,  until  a 
greater  overpressure  than  that  producing  initial  collapse  causes 
further  failure  of  the  slab  in  the  tented  position.  At  this 
point  all  personnel  are  assumed  fatalities. 

Survivability  in  basements  such  as  shown  in  Fig.  2.11  is 
completely  controlled  by  the  strength  of  the  overhead  floor, 
and,  to  a  lesser  extent  on  the  possibility  (depending  on  failure 
mode  and  geometry)  of  tenting  action.  Thus,  the  problem  in  es¬ 
timating  people  survivability  in  basements  is  considerably  sim¬ 
pler  than  for  the  upper  floors  provided  the  failure  mechanism 
of  the  slab  can  be  accurately  estimated.  Typical  results  for 
several  buildings  are  shown  in  Figs.  2.12  through  2.14.  In 
these  examples  differences  in  construction  type,  span  length, 
etc.  do  not  directly  reflect  the  variation  5.n  strength  of  floor 
systems.  Buildings  84  and  204  (see  Figs.  2.13  and  2.14)  are  of 
the  same  type  of  construction,  however  vast  differences  in  the 
level  of  protection  exist. 

For  buildings  with  very  strong  floors  (>20  psi)  the  effects 
of  initial  nuclear  radiation  are  considered.  Building  204,  for 
example,  would  have  an  MLOP  of  38  psi  if  floor  strength  alone 
governed;  initial  nuclear  radiation  reduces  this  to  19.5  psi. 

The  use  of  a  building  may  be  significant  in  making  qualita¬ 
tive  judgments  of  its  sheltering  potential.  For  instance,  build¬ 
ing  204  was  designed  for  heavy  warehouse  loads,  while  the  same 
type  of  floor  in  building  84  was  designed  for  light  office  loads. 
Figure  2.12  is  included  co  show  the  range  of  sheltering  poten¬ 
tial.  In  all  cases  the  effect  of  fire  is  not  considered  although 
it  may  be  significant  if  evasive  action  is  not  possible. 
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a.  Midspan  flexural  failure 
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bl.  Midspan  flexural  failure 
with  subsequent  "tenting 


b2.  Complete  failure  of 
"tenting" 


c.  Shear  failure 
(no  tenting) 


11  Idealized  Failure  of  Slabs  over  Basements 


Percent  Survivors 


First  Floor  -  Type:  Reinforced  concrete  slab 
Thickness:  10" 

Failure  Overpressure:  7.5  psi 


2.4  CONCLUSIONS 


In  its  present  form  the  methodology  for  estimating  the  sur¬ 
vivability  of  people  in  buildings  in  a  nuclear  weapon  environment 
is  being  used  to  survey  a  number  of  buildings  for  their  shelter¬ 
ing  potential.  In  this  sense,  it  is  presently  a  valuable  tool. 
Further  improvements  in  the  model  will  make  it  more  so. 

Since  translation  of  people  in  che  blast  wind  is  from  all 
present  evidence  the  most  critical  item  affecting  survivability, 
a  more  refined  model  of  the  process  would  lead  tc  better  estimates. 
This  improved  program  would  include  implementation  of  a  better 
mathematical  model  of  a  man  (i.e.,  che  articulated  man  described 
in  Appendix  C) .  In  addition,  a  more  realistic  loading  model,  the 
blast  filling  routine  (see  Appendix  B)  would  be  used.  In  this 
manner,  the  reliability  of  the  survivability  estimates  would  be 
greatly  improved. 

At  present,  the  degree  of  nonfatal  injuries  is  not  consider¬ 
ed  in  the  program,  primarily  because  of  the  lack  of  specific, 
authoritative  data.  The  capability  exists  for  predicting  the 
severity  of  the  mechanisms  which  could  cause  injury;  and  imple¬ 
mentation  of  injury  criteria  in  their  present  form  or,  hopefully, 
with  improved  data  could  be  done.  Addition  of  injury  predictions 
would  provide  a  better  estimate  of  a  building’s  sheltering  poten¬ 
tial. 

The  ultimate  aim  of  improving  the  present  program  and  the 
exercising  it  enough  would  be  to  develop  a  store  of  experience 
and  knowledge  of  the  problem  from  which  a  simplified,  reliable 
building  classification  scheme  could  be  built.  The  advantages 
of  such  a  tool  to  local  civil  defense  planners  would  be  signifi¬ 
cant:  it  would  result  in  the  best  possible  use  of  the  nation's 
only  significant  sheltering  resource,  existing  buildings,  in  the 
event  of  nuclear  disaster. 
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CHAPTER  3 

DISTRIBUTION  OF  BLAST- INITIATED  DEBRIS 

3 . 1  INTRODUCTION 

Tne  objective  of  the  study  described  in  this  chapter  was  to 
determine  the  probable  distances  that  structural  and  nonstructural 
(building  contents)  debris  will  travel  due  to  a  specific  nuclear 
weapon  attack  condition,  and  the  probable  mixes  of  debris  that 
would  occur  at  various  ranges  from  the  source.  The  purpose  of 
Information  generated  is  to  provide  guidance  for  the  design  of 
debris  fire  experiments.  The  ultimate  objective  of  experimental 
results  is  to  develop  guidance  for  shelter  occupancy,  evasive  ac¬ 
tion  and  the  siting  of  shelters. 

3.2  DISCUSSION  Of  THE  DEBRIS  PROBLEM 

The  task  of  predicting  debris  distributions  for  the  purpose 
of  developing  specific  survivability  guidance  is  complex.  The 
salient  aspects  of  the  problem  that  need  to  be  considered  in  any 
analysis  effort  can  be  described  in  terms  of  the  general  environ¬ 
ment  as  follows. 

The  detonation  of  a  nuclear  weapon  will  generate  a  thermal 
pulse*  a  transient  blast  pressure  and  wind  which  will  interact 
with  surface  structures.  The  extent  of  primary  ignitions  in  buildings 
will  depend  on  exposed  materials,  finishes,  types  and  density  of 
building  contents,  area  of  window  openings,  shielding  provided  by 
neighboring  buildings,  weapon  yield  and  range  from  the  burst  point. 
Depending  on  the  strength  of  the  given  building,  it  may  break  up 
under  dynamic  loads  and  the  resultant  pieces  (structural  debris 
and  contents)  will  be  transported  downwind  by  associated  dynamic 
forces.  The  extent  of  primary  fires  generated  downrange  will  de¬ 
pend  on  where  the  ignited  pieces  end  up  provided  they  are  not 
extinguished  by  the  passage  of  the  blast  wave  or  while  in  transit. 

Debris  profiles  in  the  direct  vicinity  of  any  given  building 
will  depend  on  certain  -haracteristics  of  the  neighborhood  1  e 
types  of  neighboring  buildings,  their  strengths,  relative  positions 
and  separation  distances,  sizes,  fire  loads,  direction  and  intensify 
of  blast  and  range  from  the  burst  point. 
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If  the  building  of  interest  does  not  fail  while  other  build¬ 
ings  in  its  vicinity  fail  catastrophically ,  it  may  serve  as  an 
accumulator  cor  some  portion  of  upstream  debris  which  will  pile 
up  on  it?  windward  side  and  possibly  inside  the  building  itself. 
Should  this  building  contain  a  basement  shelter  \cith  an  air  intake 
vent  located  on  the  ground  level  at  the  windward  side,  such  accumu¬ 
lation  could  block  the  vent.  Also,  depending  on  the  composition 
and  state  (burning,  smoldering)  of  the  resulting  debris  pile, 
primary  fires  may  be  produced. 

The  composition  of  a  debris  pile  depends  on  a  number  of  dif¬ 
ferent  parameters.  Among  these  are  the  flight  characteristics  of 
individual  debris  and  the  extent  to  which  they  interact  with  each 
other  while  in  transit.  Thus  at  a  given  accumulator,  the  debris 
from  an  upwind  building  may  be  segregated;  with  light,  combustible 
debris  at  the  bottom  and  heavy  combustibles  intermixed  with  non- 
combustible  debris  at  the  top  of  the  pile.  One  can  also  postulate 
a  situation  in  which  the  debris  from  the  breakup  and  contents  of 
a  given  building  is  essentially  complete,  ly  segregated  in  terms  of 
combustibles  and  noncombustibles. 

On  the  basis  of  this  discussion,  parameters  that  need  to  be 
considered  in  a  local  debris  distribution  analysis  of  a  single 
building  or  a  group  of  buildings  can  be  categorized  as  follows: 

1)  Building  and  neighborhood  geometry  (building  heights, 
plan  areas,  separation  distances,  occupancy,  etc.) 

2)  Net,  time  dependent  loading  on  building  components 
and  contents 

3)  Failure  characteristics  of  building  and  components 
(failure  modes,  failure  loading,  time  to  failure — 
collapse  or  separation) 

4)  Debris  characteristics  (weight,  size,  shape) 

5)  Aerodynamic  characteristics  of  debris  (drag,  lift  and 
moment  coefficients) 

A  review  of  a  number  of  previous  studies  in  this  area  indicated 
that  the  objectives  of  this  study  cannot  be  met  by  simply  extracting 
or  scaling  information  obtained  in  previous  work.  In  this  study 
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we  are  dealing  with  the  debris  problem  at  a  local  level.  For  a 
given  attack  condition  we  are  concerned  with  determining  what  types 
of  debris  piles  can  be  expected  to  be  deposited  at  a  given  building 
in  terns  of  composition  and  size.  This  requires  consideration  of 
the  immediate  neighborhood  in  fairly  substantial  detail. 

Previous  studies  on  the  distribution  of  building  debris  can 
be  divided  into  two  categories  i.e.,  those  which  were  primarily 
concerned  with  gross  distribution  of  debris,  taking  into  account 
large  urban  areas  and  numerous  building  types  (Ref.  1,  2,  3)  and 
those  concerned  with  specific  cases  of  debris  formation  (Ref.  4). 

The  latter  category  includes  experimental  (field)  studies. 

Some  of  the  earlier  analytic  studies  were  severely  hampered  by 
the  lack  of  available  information  on  the  failure  of  conventional 
buildings  in  a  blast  environment.  This  problem  is  still  a  formida¬ 
ble  stumbling  block,  however  it  has  been  lessened  to  a  fair  extent. 
Full-scale  experiments  on  masonry  walls  (Ref.  5,6)  served  to  verify 
their  failure  modes  and  corresponding  initial  debris  characteristics. 
Essentially  full-scale  tests  on  reinforced  concrete  floor  systems 
(Ref.  7,8)  provide  some  of  the  needed  basic  information  on  this 
class  of  components.  Considering  that  many  of  the  old  and  new 
buildings  make  extensive  use  of  masonry  externally  and  internally, 
the  experimental  information  obtained  provides  a  useful  input  to 
the  analysis  of  debris  transport  and  distribution. 

3.3  ANALYTIC  METHOD  FOR  PREDICTING  THE  DISTRIBUTION  OF  BLAST 


In  the  previous  section,  parameters  that  need  to  be  considered 
in  a  debris  distribution  analysis  were  discussed  and  categorized. 

The  purpose  of  this  section  is  to  describe  the  analytic  procedure 
which  was  used  in  the  course  of  this  study.  This  process  is  de¬ 
scribed  in  general  terms  and  is  illustrated  in  th»  following  section 
by  means  of  a  simple  application.  It  consists  of  two  parts: 

•  Loading  and  Response  Analysis 

•  Debris  Trajectory  Analysis 
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3.3.1  Loading  and  Response  Analysis 

An  exact  analysis  of  conventional  buildings  for  the  purpose 
of  determining  their  collapsed  states  (debris  distributions) 
when  subjected  to  a  nuclear  weapon  environment  is  a  practical  possi¬ 
bility  only  when  (1)  the  building  in  question  is  sufficiently  sim¬ 
ple,  (2)  the  behavior  of  its  components  from  initial  yielding  to 
ultimate  collapse  is  known,  and  (3)  the  load- time  variation,  both 
internal  and  external  is  well  defined.  Actual  structures  and 
loadings  ordinarily  do  not  satisfy  all  of  these  conditions.  For 
this  reason,  and  in  order  to  produce  usable  results  in  the  shortest 
possible  time,  the  building  analysis  process  is  generally  a  step 
bj  step  procedure  which  considers  only  the  dominant  modes  of 
response  and  relies  heavily  on  experimental  data.  An  analytic 
process  capable  of  determining  the  "incipient  collapse"  state  of  a 
structure  and  subsequently  its  characteristic,  transportable  debris 
is  illustrated  in  Figi.  3.1.  This  process  can  be  described  as 
follows. 

Given  a  nuclear  weapon  attack  condition,  the  first  step  is  to 
determine  the  free  field  airblast  environment  at  the  location  of 
subject  building.  In  this  step  the  ideal  airblast  wave  is  modified 
as  need  be  by  considering  the  influence  of  local  terrain  features 
such  as  neighboring  buildings  or  other  obstructions.  Pressure- 
time  histories  acting  on  the  external  portions  (walls,  doors,  roof, 
etc.)  of  the  building  are  determined  by  further  modifying  the  local 
blast  environment  as  this  is  influenced  by  the  building  geometry. 


Since  conventional  buildings  contain  numerous  apertures 
then  xt  is  reasonable  to  expect  that  the  various  structural  com¬ 
ponents  will  be  subject  to  a  combined  external  overpressure  and 
internal  fill-pressure  loading.  At  any  given  instant  of  time  the 
net  loading  on  any  portion  of  the  building  will  depend  on  the 
relative  strength  of  individual  components.  A  practical,  comput¬ 
erized  method  for  determining  average  fill  pressures  and  flow 
velocities  in  rooms  having  simple  geometries  is  established  in 
Appendix  B. 
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Having  determined  the  time  dependent  net  loading  on  the  build¬ 
ing  as  a  whole  and  in  particular  that  on  its  individual  components 
(external  walls,  interior  partitions,  etc.),  the  next  step  involves 
a  response  analysis. 

Conventional  buildings  consist  of  closed  networks  of  beam, 
column,  and  plate  elements.  As  mentioned  previously,  an  analysis 
of  structural,  dynamic  response  of  such  a  network  as  a  continuous 
structure  is  currently  a  practical  possibility  only  for  sufficiently 
simple  geometries  and  loadings,  and  then  only  if  elastic  response 
is  sought.  For  this,  readily  available  computer  programs  exist  and 
can  be  applied.  Computer  programs  capable  of  analyzing  the  dy¬ 
namic  response  of  structural  networks  from  initial  yielding  to 
ultimate,  catastrophic  collapse  do  not  exist  at  this  time  on  any 
practical  level.  In  fact,  the  quantity  of  experimental  data  on 
the  static  behavior  of  individual  building  components  from  initial 
yielding  to  ultimate  catastrophic  collapse  is  as  yet  fairly  limited. 
This  is  not  to  imply  that  the  structural  response  problem  cannot 
be  handled  with  a  fair  degree  of  confidence.  The  following  general 
approach  can  produce  useful  results. 

In  this  approximate  approach,  the  subject  building  is  decora^ 
posed  into  its  principal  and  subsidiary  components.  Subsidiary 
components  are  those  which  do  not  affect  the  response  of  the  build¬ 
ing  as  a  whole  but  are  still  debris-producing.  These  are  handled 
separately.  The  principal  components  are  loaded  using  the  net, 
time -dependent  loading  determined  as  described  previously.  Support 
conditions  are  simulated  to  correspond  to  that  of  the  actual,  com¬ 
bined  structure.  The  response  analysis  proceeds  on  a  component  by 
component,  time  step  by  time  step  basis.  Since  the  loading  acting 
on  each  component  in  this  chain  depends  on  the  net  loading  and  re¬ 
sponse  of  the  ones  adjoining  to  it,  the  analysis  is  necessarily  an 
iterative  procedure  as  indicated  in  Fig.  3.1.  Its  end  result  would 
consist  of  a  debris  (size,  weight,  quantity)  distribution  to  be  used 
in  the  transport-trajectory  analysis  together  with  building 
contents . 


45 


*  *  i^C^J^-HSaSSS*?  ■V'JB-JS  - 


JWSIjSww 


The  degree  of  complexity  at  the  detailed  level  of  analysis 
depends  greatly  on  the  physical  makeup  of  the  building  (structure) 
being  analyzed.  Conventional,  single-story  wood  frame  buildings 
are  at  one  end  of  the  spectrum.  When  subjected  to  the  blast 
effects  of  a  large  (MT)  nuclear  weapon  at  the  2  to  3  psi  range, 
such  buildings  are  expected  to  be  severely  damaged  (racked  and 
broken)  in  the  diffraction  phase  of  the  loading,  and  dismembered 
and  translated  off  the  site  in  the  drag  phase  due  to  the  long  dura¬ 
tion  winds.  Building  failure  is  expected  to  be  essentially  uniform, 
i.e.,  the  building  will  fail  at  all  primary  connection  points  at 
essentially  the  same  time.  A  dynamic  analysis  concerned  with  the 
behavior  of  such  buildings  would  concentrate  primarily  on  the  overall 
response  rather  than  on  the  response  of  individual  components. 

The  problem  is  somewhat  different  when  dealing  with  reinforced 
concrete  and  steel  framed  structures.  In  this  case,  building  fail¬ 
ure  is  not  expected  to  be  uniform.  The  collapse  of  internal  parti- 
tionsand  concentration  of  building  contents  against  one  side  is 
expected  to  precede  the  failure  of  the  roof  system  and  exterior  walls. 

In  this  instance  the  analysis  process  would  be  concerned  with  the. 
sequential  collapse  of  individual  building  components  on  a  step  by 
step  basis.  Although  other  dyramic  response  analyses  are  possible, 
the  one  described  herein  is  considered  to  be  practical  and  capable 
r f  producing  very  reasonable  state  of  the  art  results. 

3.3.2  Debris  Trajectory  Analysis 

The  debris  transport  aspect  of  the  analytic  process  uses  a 
deterministic  free-flight  model  similar  to  the  one  described  in 
Ref.  9.  This  is  a  two-dimensional  (vertical  plane)  crajec- 
tory  model  which  includes  both  the  translational  and  rotational 
motions  of  a  given  piece  of  debris  which  are  induced  by  the 
aerodynamic  forces  generated  by  the  blast  winds.  The  input  data 
or  information  required  for  the  trajectory  analysis  are  described 
in  Fig.  3.2.  Tnese  include  a  physical  description  of  the  debris, 
such  as  its  size,  weight  and  geometry,  and  any  other  pertinent 
characteristic  of  the  delris  which  can  be  determined,  such  as  its 
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moment  of  inertia.  Secondly,  the  initial  free- flight  characteristics 
of  the  debris  must  be  established.  These  data  include  the  time 
of  release  of  the  piece  of  debris  into  the  blast  environment,  its 
location  at  the  time  of  release,  and  all  such  initial  motion  data 
as  are  treated  in  the  model.  These  first  two  categories  of  input 
data  are  generated  in  part  from  the  specific  response  analyses 
discussed  in  the  preceding  section,  or  estimated  from  experimental 
data. 

Some  of  the  initial  parameters  are  not  influential  in  the  tra¬ 
jectory  calculation  and  thus  the  number  of  parameter  value  group¬ 
ings  and  hence  the  number  of  trajectory  calculations  needed  to 
cover  the  range  cf  parameter  values  can  be  limited.  In  particular, 
the  initial  linear  velocity  of  the  fragment  or  piece  of  debris  will 
always  be  much  smaller  than  the  wind  velocity  at  the  time  of  release 
such  that  a  single  value  (probably  a  value  of  zero)  can  often  be 
used.  The  initial  aerodynamic  drag  force  will  ba  proportional, 
in  part,  to  the  square  of  the  difference  in  these  two  velocities, 
hence  the  force  is  largely  determined  by  the  blast  intensity. 

The  trajectory  calculation  also  requires  aerodynamic  data  on 
the  class  of  debris  shapes  encountered.  These  data  include  drag, 
lift,  and  moment  coefficients,  each  as  a  function  of  orientation 
angle  (angle  of  attack).  The  data  roust  include  all  orientations 
since  most  pieces  of  debris  will  be  expected  to  tumble  and  rotate 
as  they  are  transported  through  the  air. 

The  blast  wind  is  the  primary  driving  force  in  the  transport 
problem  (which  also  includes  gravitational  effects)  and  a  satis¬ 
factory  treatment  or  approximation  of  this  variable  has  already- 
been  developed  (Ref.  9)  and  is  used  herein. 

It  should  be  noted  that  any  piece  of  debris  which  impacts 
with  the  ground  plane  during  the  early  portion  of  the  blast 
environment  may  bounce,  i.e.,  not  be  captured,  and  even  if  much 
momentum  is  lost  as  a  result  of  the  impact  the  aerodynamic  forces 

generally  be  sufficiently  large  to  loft  the  piece  of  debris 
and  cause  it  to  be  transported  some  additional  distance.  The 


piece  of  debris  will  acquire  additional  momentum  as  a  result  of 
this  process  and  again  represent  a  hazard.  This  bounce  phenomenon 
is  included  in  the  analysis  process.  The  analytic  process  is  de¬ 
scribed  in  Appendix  A.  Its  application  to  a  practical  problem  is 
described  in  the  following  section. 

3.4  ANALYSIS  OF  DEBRIS  DISTRIBUTION 

3.4.1  Introduction 

This  section  demonstrates  the  applicability  of  the  analytic 
method  described  to  the  analysis  of  distribution  of  blast-initiated 
debris.  The  demonstration  problem  considers  a  conventional,  rein¬ 
forced  concrete  frame  building  located  at  the  5  psi  range  of  a  1  MT 
nuclear  weapon.  Debris  includes  building  v;alls  (external  and  in¬ 
ternal)  and  furniture.  The  trajectory  of  each  debris  item  is  traced 
from  the  time  of  separation  to  the  time  it  comes  to  rest  within  the 
building  or  on  the  ground  plane  outside  the  building.  The  problem 
assumes  that  the  building  is  located  in  open  terrain  and  therefore 
the  transport  of  debris  is  unobstructed.  This  is  not  a  necessary 
assumption.  The  method  as  formulated  is  capable  of  considering  the 
influence  of  obstructions  such  as  other  buildings  located  within 
the  transport  distance.  It  is  also  assumed  that  there  is  no  inter¬ 
action  between  individual  debris  items  while  in  transit.  For  the 
specific  building  considered  this  assumption  is  reasonable  and  should 
not  introduce  significant  errors  in  the  final  debris  distribution. 

4s  presently  formulated,  the  analysis  method  is  not  capable  of  con¬ 
sidering  in-flight  interaction  between  several  debris  items. 

3.4.2  Building  Description 

The  subject  building  is  illustrated  in  Fig.  3.3  which  provides 
its  basic  geometry.  A  typical  floor  plan  is  shown  in  Fif  3.4.  The 
structural  system  is  a  reinforced  concrete,  beam  and  column,  frame. 
Roof  and  intermediate  floor  consist  of  one-way  reinforced  concrete 
slabs  supported  on  longitudinal  beams  and  columns.  Exterior  clad¬ 
ding,  in  the  long  direction,  consists  of  unreinforcea  concrete 
masonry  and  window  walls  arrsT'.-jSd  in  a  staggered  pattern  (see 
Fig.  3.3).  Exterior  walls  in  the  short  direction  consist  of  concrete 
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masonry  without  windows.  Interior  partitions  are  of  standard  stud- 
wall  construction,  i.e.  ,  2  in. by  4  in.  studs  at  16  in.  centers  with 
plasterboard. 

The  basic  building  module  has  plan  dimensions  of  13  ft  by 
23  ft.  This  particular  building  consists  of  eight  basic  modules. 

It  can  be  extended  on  this  basis  to  any  practical  length  ar.d/or 
heignt. 

3.4.3  Building  Contents 

For  purposes  of  studying  debris  distribution,  each  module  of 
this  building  is  assumed  to  contain  a  set  of  furnishings  which  are 
arranged  as  shown  in  Fig-  3.5.  The  geometry  and  weight  of  each  of 
these  items  is  given  in  Fig.  3.6.  Their  positions  from  the  front 
wall  of  the  room  are  given  in  the  following  table.  The  total 
weight  of  furnishings  per  room  is  635  lbs. 

Distance  from  Front  Wall  (ft) 
Furniture  Item  _ (See  Fig.  3.5) _ 


i. 

Sofa 

8.0 

2. 

Table 

11.0 

3. 

Armchair 

14.0 

4. 

Chair  No.i 

1.0 

5. 

Chair  No. 2 

14.0 

6. 

Chair  No. 3 

20.0 

7. 

Desk 

2.0 

3 *4 *4  Weapon  Environment  and  Building  Response 

This  building  is  assumed  to  be  located  at  the  5  psi  range  of 
a  1  MT  nuclear  weapon.  Its  front  wall  is  oriented  at  right  angles 
to  the  direction  of  the  blast  wave.  At  this  range  the  longitudinal 
masonry  walls,  which  have  an  incipient  collapse  overpressure  of 
0.5  psi,  will  fail  catastrophically  as  will  the  transverse  studwalls. 
The  structural  frame  including  floor  and  roof  slabs  and  the  trans¬ 
verse  masonry  walls  will  remain  in  place.  Debris  will  consist  of 
broken,  longitudinal  masonry  walls,  transverse  studwalls  and  furni¬ 
ture  items. 
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b.  Table  Weight  30  lbs 


3  ’-0 
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d.  Chair  Weight  35  lbs 


!i-ii  K 

c.  Desk  Weight  150  lbs 


1 

r 

t 

i 

1 
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e.  Ak.  "hsir  Weight  100  lbs 
Fig.  3.6  Furniture  Items 


Before  a  debris  transport  analysis  can  be  performed,  it  is 
first  necessary  to  det  rmine  the  number  and  size  of  primary  pieces 
>f  debris  that  will  be  produced  when  a  given  wall  interacts  with 
the  blast  wave  and  the  number  and  size  of  secondary  pieces  that 
will  result  -then  a  primary  piece  impacts  the  floor,  wall  or  any 
other  obstruction.  The  task  of  producing  such  information  analyt¬ 
ically  is  extremely  difficult  and  at  least  for  the  present  must 
generated  on  the  basis  of  an  experiment. 

The  initial  crack  pattern  chosen  for  the  longitudinal  masonry 
walls  is  shown  in  Fig-  3.7  and  corresponds  to  an  experimental  re¬ 
sult  (Ref.  5)  of  a  simply-supported  -wall  having  the  same  dimensions. 
This  figure  shows  the  primary  pieces  produced  when  the  wall  inter¬ 
acts  with  the  blast  wave.  An  assumed  secondary  debris  pattern  is 
shown  in  rig.  3.8.  Each  primary  piece  is  assumed  to  break  up  in 
pieces  having  four  different  sizes,  i.e.  ,  one-,  two- ,  three-  and 
four-block  sizes.  These  sizes  correspond  approximately  to  those 
obtained  in  the  URS  shock  tunnel  for  similar  walls.  Physical  prop¬ 
erties  of  all  structural  debris  used  in  the  transport  calculations 
are  given  in  Table  3.1.  In  this  table  the  primary  debris  pieces  are 
designated  A,  B,  C,  D  and  E  as  in  Fig-  3-7.  Secondary  pieces  are 
designated  as  BL-1,  2.  3,  &  corresponding  to  the  four  block  sizes. 
Each  wall  is  assumed  to  break  up  into  58  secondary  pieces  after 
impact  with  the  horizontal  plane. 

Results  of  the  transport  analysis  are  given  in  the  following 
section.  In  this  analysis  each  piece  of  debris  (debris  particle) 
is  created  separately  and  individual  results  are  combined  at  the 
end.  The  progress  of  primary  wall  pieces  is  traced  from  the  time 
the  wall  first  interacts  with  the  blast  wave  to  the  time  the  parti¬ 
cle  impacts  on  a  horizontal  surface.  At  this  time  the  primary  par¬ 
ticle  is  assumed  to  break  in  the  manner  shown  in  Fig-  3.8. 
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Table  3.1 

PHYSICAL  PROPERTIES  OF  STRUCTURAL  DEBRIS 


H  j 

I  -— r 


,D1 


I 

A. 


t  h 


y 


.'  c.g. 


K 


I 


Particle 

Weight 

(lbs) 

i* , 

(lbs-sec“-ft) 

H 

(ft) 

D1 

(ft) 

S1 

(ft) 

- *F~ 

W 

(ft) 

A 

1050 

82 

11.00 

5.50 

0.33 

4.50 

B 

1290 

80 

5.50 

3.50 

0.33 

5.50 

C 

988 

77 

11.00 

5.50 

0.33 

4,50 

D 

1580 

98 

5.50 

2.00 

0.33 

5.50 

E 

114 

1 

2.00 

1.00 

0.33 

1.00 

BL-1 

34 

0.08 

0.67 

0.34 

0.33 

1.33 

BL-2 

68 

0.39 

1.33 

0.67 

0.33 

1.33 

BL-3 

102 

0.59 

1.33 

0.67 

0.33 

2.00 

BL-4 

136 

0.78 

1.33 

0.67 

0.33 

2.67 

Wall  Stud 

10 

0.65 

5.00 

2.25 

0.17 

0.17 

Plasterboard 

2 

0.005 

1.00 

0.50 

0.021 

1.00 

Moment  of  Inertia 


*Tt 


Maximum  dimension  of  debris  particle  normal  to  the  plane  of 
the  paper. 
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.*,t  tnis  point  the  analysis  assumes  that  the  vertical  center  of 
gravity  (c.g.)  position,  velocity  and  acceleration  of  each  consti¬ 
tuent  particle  is  the  same  as  that  of  the  c.g.  of  its  primary 
(parent)  particle  at  the  time  of  impact.  With  these  initial  condi¬ 
tions  the  analysis  continues  to  trace  the  progress  of  each  consti¬ 
tuent  particle  until  it  comes  to  rest. 

3.4.5  Results  of  the  Debris  Transport  Analysis 


Some  initial  results  on  the  behavior  of  the  primary  debris 
particles  are  indicated  in  Figs.  3.9  through  3.12.  Figure  3.9  shows 
the  motion  history  of  particle  A  (see  Fig.  3.7)  for  the  front  wall, 
first  story  as  viewed  from  the  side.  The  motion  is  given  in  equal 
increments  of  time.  Corresponding  velocity  histories  for  several 
points  on  the  particle  are  shown  in  Fig.  3.10.  The  particle  reaches 
its  terminal  position  at  0.604  sec  after  arrival  of  the  blast  wave. 
Total  (resultant)impact  velocity  experienced  by  point  4  is  45.6  ft/ 
sec  and  that  by  point  1  is  22.6  ft/sec. 

A  combined  motion  history  for  particles  B,  D  and  £  produced  by 
a  front  wall  at  the  first  story  is  shown  in  Fig.  3.11.  Ic  will  be 
noted  that  there  is  no  interaction  between  these  particles  in  the 
course  of  their  motion.  Thus  at  least  for  the  initial  part  of  this 
problem  the  assumption  that  no  interaction  occurs  between  individual 
debris  particles  appears  to  be  reasonable. 

Velocity  history  for  particle  B  (front  wall,  first  story)  is 
shown  in  Fig.  3.12.  Its  corresponding  motion  history  is  shown  in 
Fig.  3.11-  The  reason  for  the  decrease  in  the  velocity  of  point  1 
is  due  to  the  tumbling  action  of  this  debris  piece. 

The  motion  history  of  a  secondary  debris  particle  is  shown  in 
Fig.  3.13.  This  particle  is  designated  as  BL-l-A  and  corresponds 
to  a  single  block  size  produced  by  the  breakup  of  primary  particle  A. 
For  this  particular  example  the  particle  was  originally  located  in 
a  front  wall  on  the  second  level.  The  primary  particle  reached  its 
terminal  (impact)  position  at  0.604  sec  after  the  arrival  of  the 
blast  wave  (see  Fig.  3.  9)  at  which  time  it  broke  up  into  13  secon¬ 
dary  pieces  (see  Fig.  3.  ft). 
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Horizontal  Distance  (ft) 

Fife.  3. 1.*  Motion  Historv  of  Particle  BL-l-A  ‘  Front  Wall,  Second  Story) 


Figure  3.13  traces  the  motion  of  one  of  these  pieces  to  its  terminal 
position  which  is  reached  3.06  sec  after  the  arrival  of  the  blast 
wave.  It  will  be  noted  that  for  this  example  the  significant  mo¬ 
tion  of  this  particle  ceases  0.56  sec  after  the  end  of  the  positive 
phase  for  overpressure.  The  positive  phase  duration  at  the  range 
of  5  psi  from  a  1  MT  surface  burst  is  2.5  sec. 

Final  positions  and  arrival  times  for  all  debris  particles 
produced  by  one  wall  (front,  first  story)  are  g’‘vcn  in  Table  3.2. 
These  are  c.g.  coordinates.  The  coordinate  system  used  is  indicated 
in  Fig.  3.8.  Final  distribution  of  wall  debris  produced  by  a  rep¬ 
resentative  portion  (four  modules)  of  this  building  is  shown  in 
Fig.  3.14.  A  corresponding  weight-distance  relationship  along  the 
horizontal  is  given  in  Fif..  3.15.  Only  masonry  wall  debris  is  in¬ 
cluded  in  these  two  figures.  Furniture  items  and  studwall  debris 
traveled  significantly  greater  distances  and  for  this  reason  are 
not  included  in  these  distributions. 

Horizontal  coordinates  (x-distance)  of  the  final  positions 
of  furniture  items  and  studwall  debris  are  given  in  Table  3.3  togeth 
er  with  arrival  times.  Velocity  histories  for  furniture  items  for 
the  first  and  second  floors  are  shown  in  Figs.  3. 16  and  3.17  respec¬ 
tively.  For  the  most  part  these  curves  are  not  smooth  and  contain 
numerous  jumps.  These  jumps  indicate  impacts  with  the  ground  sur¬ 
face.  Second  floor  debris  (see  Fig.  3.17)  experienced  many  more 
bounces  before  coming  to  rest  than  did  the  first  floor  debris. 

3.4.6  Discussion  of  Results  and  Conclusions 

In  this  particular  problem  the  building  debris  became  segre¬ 
gated,  i.e. ,  heavy  noncombustibles  remained  relatively  close  to 
the  building  while  lighter  combustible  debris  were  translated  sig¬ 
nificantly  further.  This  result  was  in  part  forced  by  the  condi¬ 
tions  of  the  problem.  The  building  was  assumed  to  be  located  in 
the  open  and  sufficiently  away  from  other  buildings.  It  was  also 
assumed  that  no  interaction  occurs  between  individual  particles 
while  in  transit.  For  this  problem  interaction  between  light  and 
heavy  pieces  should  not  alter  the  results  significantly. 
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Table  3.2 

FINAL  COORDINATES  AND  TIME  OF  ARRIVAL 
OT  SECONDARY  WALL  DEr.US  (FRONT  WALL,  FIRST  STORY) 


rt Iclc 

Six* 

E 

d  r) 

X 

(rt) 

i 

A-l 

-3.7 

42.9 

2 

4-3 

-1.0 

7S.7 

3 

A-3 

-1.2 

27.1 

4 

A-l 

-1.9 

45.4 

5 

A-3 

-1.2 

28.4 

6 

A-3 

0.3 

28.4 

7 

A-3 

-1.2 

29.9 

8 

A-3 

O.g 

29.9 

9 

A-l 

0.2 

47.9 

10 

A-3 

-1.2 

31.2 

11 

1-2 

0.3 

31.2 

12 

A-3 

-l.l 

32.6 

13 

A-l 

-3.7 

52.1 

14 

3-1 

1.0 

48.5 

•5 

a-2 

2.0 

40.8 

1*. 

8-1 

2.3 

48.5 

TIM 

(*ee) 

2.9 

1.4 

1.4 

2.9: 

1.4: 

1.41 

1.41 

1.41 

2.91 

1.41 

1.41 

1.41 

2.91 

2.98 

2.03 

2.98 


17 

1-2 

3.4 

40.8 

2.03 

16 

B-2 

4.1 

40.3 

2.03 

19 

8-1 

5.1 

48.5 

2.98 

20 

8-1 

6.3 

45.5 

2.98 

21 

8-3 

5.8 

48.4 

2.63 

;>■» 

8-2 

4.6 

40.8 

2.03 

21 

1-4 

4.0 

40.8 

2.03 

24 

8-2 

6.0 

40.8 

2.03 

25 

1-4 

6.6 

40.8 

2.03 

26 

a-j 

7.6 

48.4 

2.63 

27 

B-3 

7.3 

43.4 

2.63 

28 

8-2 

9.4 

40.8 

2.03 

J6 

8-3 

9.0 

48.4 

2.63 

30 

8-2 

10.3 

40.8 

2.03 

31 

C-l 

15.8 

'2.3 

2.91 

32 

C-3 

13.7 

32.8 

1.41 

33 

C-4 

13.3 

31.4 

1.41 

34 

C-l 

13.1 

49.5 

2.91 

35 

E-l 

6.2 

46.3 

7.13 

36 

E-2 

7.5 

52.4 

2.38 

37 

C-3 

11.2 

29.8 

1.41 

31 

C-3 

12. S 

29.8 

1.41 

39 

C-3 

13.8 

29.8 

1.41 

40 

C-7 

12.0 

28.0 

1.41 

41 

C-3 

13.6 

28.0 

1.41 

42 

C-3 

13.6 

26.6 

1.41 

43 

C-2 

14.0 

25.2 

1.41 

44 

0-3 

10.5 

13.6 

1.20 

45 

0-4 

8.0 

13.6 

1.20 

46 

0-4 

5.5 

13.6 

1.20 

47 

0-4 

2.7 

13.6 

1.20 

43 

0-1 

1.0 

25.9 

1.95 

49 

0-4 

3.3 

14.9 

1.20 

50 

6-4 

5.5 

14.9 

1.20 

51 

0-3 

8.0 

U.9 

1.20 

52 

0-2 

9.7 

14.9 

1.20 

53 

0-4 

4.3 

16.4 

1.20 

54 

0-3 

6.5 

16.4 

1.20 

55 

0-2 

8.0 

16.4 

1.20 

56 

0-1 

9.2 

28.5 

1.95 

57 

.  0-2 

4.8 

17.9 

1.20 

58 

0-4 

6.5 

17.9 

1.20 

*Tha  letter 
Fig.  3 

r?flir*T5®  prlaanr  particle  -  A.  8, 

.7).  The  nuab«r  refers  to  the  sire.  1 

C,  D  nr  E 
.e. *  1-  2* 

j-  or  4-  concrete  blocks. 

•  t  *  »  * 

Coordinate 

tyitn  la 

Indicated  In  rig. 

3.S. 

• 

Best  Available  Copy 


I 

£ 

I 


Table  3.3 


FINAL  POSITIONS  AND  TIMES  OF  ARRIVAL 
OF  FURNITURE  ITEMS  AND  STUDWALL  DEBRIS 
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if  interactions  occur ,  they  will  most  likely  occur  in  the  early 
part  of  the  loading,  i.e.  ,  while  the  various  items  are  still  in 
the  building  or  close  to  it.  At  that  time  the  wind  velocity  is 
still  sufficiently  high  and  its  duration  still  sufficiently  long 
to  loft  and  segregate  the  debris  in  these  two  categories,  i.e., 
mostly  combustibles  and  mostly  noncombustibles.  If  such  segrega¬ 
tion  does  indeed  occur  in  most  practical  situations  then  it  should 
be  of  interest  to  the  designer  and  planner  of  shelter  systems 
since  this  occurrence  provides  an  insight  into  possible  patterns 
of  postattack  fires.  The  problem  is  one  of  blast-fire  interaction. 

The  computational  model  developed  provides  a  basis  for  deter¬ 
mining  realistic  debris  distributions  for  many  practical  situations. 
At  the  present  time  it  is  capable  of  considering  the  presence  of 
neighboring  buildings,  their  breakup  and  contribution  to  the  total 
debris  pile.  The  model  is  capable  of  tracing  the  progress  of  indi¬ 
vidual  debris  pieces  and  their  interaction  with  nonmoving  obstruc¬ 
tions.  Hcwever,  it  is  not  capable  of  considering  the  interaction 
between  several  pieces  of  debris  wbi le  in  transit.  Should  this  be 
an  important  consideration,  such  influence  can  certainly  be  in¬ 
cluded.  For  the  present,  the  model  should  be  exercised  parametric¬ 
ally  on  similar  problems  as  described  herein  in  order  to  isolate 
parameters  and  their  significance  to  the  overall  problem.  Such 
parameters  should  include: 

•  Building  geometry  (plan,  height) 

•  Differential  strength  of  walls 

•  Numbers  and  sizes  of  wail  debris 

•  Size  of  window  openings 

•  Differences  in  soil-spring  coefficients 

•  Differences  in  aerodynamic  coefficients 

•  Proximity  of  neighboring  buildings 

»  Differential  strengths  of  neighboring  buildings 

•  Geometry  of  neighboring  buildings 

•  Ranges  of  furniture  items 

•  Interaction  between  several  debris  pieces  while  in  transit 
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Although  the  problem  described  herein  represents  a  simple,  special 
case  of  the  overall  debris  problem  it  was  nonetheless  treated  in 
necessary  detail. 
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CHAPTER  4 

COST  AND  FEOPLE  SURVIVABILITY  COMPARISON  OF  PERSONNEL  SHELTERS 

'  LOCATED  ABOVE  AND  B£L&(T~  GRADE 

4. 1  INTRODUCTION 

The  objective  of  the  effort  described  herein  was  to  determine 
differences  in  cost  and  protective  capabilities  of  two  shelters 
having  identical  geometry  and  design  hardness  levels,  except  that 
one  is  to  be  located  at  grade  (first  story)  ,  the  other  below  grade 
(basement) . 

In  order  to  have  a  reasonable  basis  for  comparison,  four  build¬ 
ings  were  designed  from  the  same  basic  floor  plan  (Fig.  4.1).  The 
four  buildings  are 

(1)  Basic  building,  no  basement,  no  shelter. 

(2)  Basic  bui3.ding  with  blast  shelter  at  grade. 

(3)  Basic  building  with  basement  area,  no  shelter. 

(4)  Basic  building  with  shelter  below  grade. 

For  purposes  of  this  study  the  basic  building  was  designed  as  a 
small  one  floor  office  building.  The  building  dimensions  are 
84  ft  by  150  ft,  with  a  floor  area  of  12,600  sq  ft.  Under  conven¬ 
tional  use  the  building  might  serve  as  a  typical  snail  professional 
structure.  For  direct,  nuclear  weapon  effects  protection,  a  sec¬ 
tion  approximately  50  ft  by  37  ft  (corresponding  to  two  25  ft  by 
37  ft  office  spaces)  was  chosen  for  the  shelter  area.  The  shelter 
was  designed  to  withstand  the  blast  effects  at  the  range  c.f  15  psi 
free  field  overpressure  resulting  from  an  IfT  size  nuclear  weapon. 
Structural  requirements  for  blast  resistance  in  reinforced  con¬ 
crete  (R/C)  provide  a  fallout  radiation  protection  factor  in  ex¬ 
cess  of  100. 

The  shelter  was  first  designed  at  grade  within  the  basic  build¬ 
ing.  Its  location  was  chosen  to  utilize  most  effectively  the  pro¬ 
tection  existing  walls  and  partitions  of  the  parent  building-  might 
possibly  provide.  Next,  a  shelter  was  designed  in  the  same  position 
as  the  first,  but  below  grade.  The  basic  conventional  building  and 
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the  same  building  with  a  50  ft  by  37  ft  conventional  basement  were 
designed  for  comparison  with  the  shelter  designs.  Although  the 
at-grade  shelter  occupies  two  offices  it  is  expected  chat  it  (as 
well  as  the  below  grade  shelter)  will  serve  dual  purposes  ,  tnat 
is ,  conventional  use  :aa>  be  made  of  them  in  addition  to  emergency 
occupancy.  The  below  grade  shelter  increases  the  basic  building 
floor  area  by  1850  sq  ft. 


Cost  estimates"  for  the  four  designs  are  based  on  new  con¬ 
struction,  with  the  shelters  being  an  originally  planned  part  of 
the  building,  and  not  as  additions  to  an  existing  structure.  Con¬ 
ditions  typical  to  the  Chicago  area  were  used  for  both  design  and 
cost  estimating.  „ 


4.2  ARCHITECTURAL 


The  basic  building,  planned  as  a  small  office  structure,  has 
an  occupancy  under  conventional  use  of  approximately  95  people. 
Typical  occupancy  would  probably  be  less.  The  shelter  areas,  based 
on  an  allowance  of  10  sq  ft  per  person  have  an  emergency  occupancy 
of  180  people.  Sanitary  facilities  are  provided  with  at  least  min¬ 
imum  provisions  as  specified  by  the  Chicago  Building  Code.  How¬ 
ever,  no  emergency  sanitation  was  provided  for  the  blast  shelter. 
Normal  equipment  such  as  telephone  outlets,  lighting,  heating  and 
air  conditioning  are  included.  The  interior  partitions  are  8  in. 
hollow  concrete  block  walls,  and  being  nonload  bearing,  the  office 
layout  and  plan  may  be  varied  depending  on  specific  needs.  The 
inside  finishing  consists  of  asphalt  tile  floor,  suspended  ceiling 
system,  and  painted  concrete  block  walls. 

Both  shelter  variations  are  divided  by  a  concrete  bearing  wall 
for  reasons  of  structural  support  of  the  top  slab,  and  for  parti¬ 
tioning  under  conventional  use.  The  below  grade  shelter  has  a 


Unit  costs  appearing  in  this  report  were  provided  by  George 
Kennedy  &  Associates,  Inc.,  75  bast  Wacker  Drive,  Chicago,  Hi., 
who  were  employed  as  consultants  for  costing  and  design  of  me¬ 
chanical  and  electrical  systems  in  the  course  of  this  study. 
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clear  inside  height  of  8  ft-3  in.  which  provides  more  than  the  min¬ 
imum  required  volume  per  person  under  emergency  use.  The  above 
grade  shelter  is  taller,  with  9  ft-4  in.  clear  ceiling  height,  in 
order  to  conform  to  the  remainder  of  the  building. 

4.3  MECHANICAL 

The  mechanical  system  for  the  building  includes  ventilation 
and  air  conditioning  capabilities .  Based  on  an  occupancy  of  95 
people,  the  basic  building  air  supply  system  provides  for  162  cfm 
per  person  of  which  24  cfm  are  fresh  air,  the  remainder  being  re¬ 
circulated.  This  air  supply  results  in  7.9  air  changes  per  hour 
in  the  basic  building  plan.  The  shelters  (either  variation)  have 
emergency  air  handling  equipment  protected  inside  the  shelter  area 
and  capable  of  supplying  15.5  cfm  per  person  for  an  emergency  shel¬ 
ter  occupancy  of  180  people.  All  of  this  air  supply  is  fresh. 
Ductwork  and  hardened  exhaust  and  inlet  shafts  were  provided.  The 
emergency  shelter  air  supply  results  in  9.6  air  changes  per  hour. 

The  basic  office  areas  are  air  conditioned,  but  the  shelter  was  not 
given  any  emergency  air  conditioning.  Standard  air  filters  are 
used  for  the  office  areas,  while  CBR  filters  were  provided  for  the 
shelter  air  supply. 

Additional  equipment  for  the  basic  building  and  shelter  varia¬ 
tions  include  fire  protection  with  a  sprinkler  system  having  one 
sprinkler  head  for  every  100  sq  ft  of  floor  area.  The  sprinkler 
heads  would  be  integral  with  the  suspended  ceiling  system. 

4.4  ELECTRICAL 

Since  normal  commercial  power  may  be  assumed  lost,  an  emer¬ 
gency  15  KW  generator  for  the  shelter  is  included.  Lighting  fix¬ 
tures  giving  100  ft  candles  of  illumination  for  the  office  areas  aid 
corridors  are  provided.  The  emergency  motor-generator ,  in  addition 
to  driving  the  ventilation  system,  can  provide  for  a  minimum  of 
10  foot  candles  illumination  in  the  shelters.  Additional  equip¬ 
ment  includes  nail  outlets,  switches,  wiring,  and  telephone  outlets. 
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4.5  STRUCTURAL 

The  structural  system  of  the  basic  building  consists  of  a 
steel  frame  with  exterior  concrete  block  bearing  walls.  Column 
lines  are  at  25  ft-0  in.  along  the  150  ft  length  of  the  building. 

Main  girder  spans  are  28  ft-0  in.  Open  web  steel  joists  at  4  ft- 
0  in.  spacing  and  25  ft-0  in.  span  are  used  to  support  the  roof 
structure,  which  is  lightweight  concrete  poured  on  a  corrugated 
steel  deck.  The  long  wails  of  the  building  have  large  window  open¬ 
ings  with  the  girders  bearing  between  them  on  8  in.  thick  unrein- 
forced  solid  concrete  block  walls.  The  short  walls  of  the  building 
are  8  in.  thick  unreinforced  hollow  concrete  block  bearing  walls 
and  are  without  openings  except  for  an  exit  on  one  side.  All  ex¬ 
terior  walls  have  a  4  in.  facing  of  brick,  but  no  structural  use 
was  made  of  it,  Interior  partitions  are  nonload  bearing  8  iu. 
hollow  block  walls.  The  floor  is  a  6  in.  concrete  slab  with  wire 
mesh  reinforcement  poured  at  grade  cn  a  base  course  of  6  in. 
crushed  rock.  The  wall  foundations  are  simple  strip  footings 
3  ft-6  in.  below  grade  as  specified  by  the  Chicago  Building  Code, 
Spread  footings  (5  ft  by  5  ft)  were  designed  for  the  columns. 

The  small  basement  area  of  the  basic  building  has  8  in.  con¬ 
crete  block  walls  except  for  the  10  in.  R/C  exterior  wall.  The 
overhead  fii*st  floor  is  an  11-1/2  in.  concrete  slab  spanning  be¬ 
tween  the  basement  walls  and  center  partition  wall.  It  was  designed 
for  continuity  over  the  center  wall. 

The  selection  of  the  structural  system  was  based  on  antici¬ 
pated  economy  with  the  use  of  steel  joists  and  concrete  block  walls. 
The  basic  structure,  however,  offers  very  little  blast  resistance. 

R/C  shelters  were  designed  for  two  cases:  first,  the  shelter 
was  put  at  grade  within  the  building  occupying  two  adjacent  office 
areas  (sea  Fig.  4.2a)  with  the  remaining  building  unaffected;  second, 
the  shelter  was  put  below  grade  (immediately  beneath  the  area  of 
the  above  grade  shelter)  leaving  the  basic  building  essentially 
the  same  except  for  an  access  stairway  (see  Fig.  4.2b)  .  Both  shelters 
were  designed  for  the  dynamic  effects  of  a  15  psi  blast  overpressure, 
and  it  is  assumed  that  they  can  take  any  reasonable  conventional  loading. 
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Building  with  Shelter  at  Grade 
(Plan  and  Elevation) 


The  shelter  top  slab  was  designed  as  two  simply  supported  two- 
way  slabs.  A  R/C  partition  wall  serves  to  support  one  long  edge  of 
both  slabs.  The  shelter  walls  were  designed  for  dynamic  effects 
as  one-way  slabs  spanning  from  top  of  footing  to  the  top  slab.  The 
following  concrete  thicknesses  were  used  (see  Fig.  4,3a  and  4.3b): 


Top  slab 
Peripheral  walls 
Interior  wall 
Floor  slab 
Stai.7-.all  walls 


\t  Grade  Shelter  Below  Grade  Shelter 

13  in.  15  in. 

12  in.  10  in.  (12  in.  on  exposed  side) 
12  in.  12  in. 

6  in.  6  in. 

-  8  in. 


The  at  grade  shelter  also  serves  as  part  of  the  structural  sys¬ 
tem  of  the  building  under  conventional  use.  Adjacent  roof  joists 
and  girders  bear  on  the  shelter  walls,  and  the  top  slab  serves  as 
roof  for  the  two  offices  it  spans ,  eliminating  the  columns ,  girders 
and  joists  normally  used. 

Concrete  strength  of  3000  psi  at  28  days  and  reinforcing  steel 
of  40,000  psi  minimum  yield  point  were  used.  Structural  steel  is 
A36,  but  high  strength  50,000  psi  yield  joists  were  used.  Soil 
bearing  pressure  was  assumed  to  be  2500  psf  allowable.  For  blast 
effects,  ultimate  strength  design  after  the  methods  presented  in 
Ref.  1  was  used.  Elastic  design  procedure  was  used  for  the  conven¬ 
tional  building  design.  Structural  details  for  the  shelters  are 
shown  in  Fig.  4.4. 

4.6  DESIGN  ASSUMPTIONS 

4.6.1  Weapons  Effects 

The  peak  incident  overpressure  used  in  the  design  of  the  shel¬ 
ters  was  15  psi.  This  corresponds  approximately  to  the  following 
weapons  (see  Ref.  5): 

Weapon  (surface  burst)  Shelter  distance  to  ground  zero 


1  MT 
20  MT 


1.6  miles 
4.4  miles 


i*Y. 
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The  initial  radiation  from  the  above  weapons  is  such  that  the 
thickness  of  the  shelter  walls  based  on  structural  requirements  is 
sufficient  protection.  Fallout  radiation  protection  with  PF  =  115  for 
the  above  grade  and  PF  =  120  for  the  below  grade  shelter  is  provided. 

4.6.2  Mechanical 

(a)  Summer  outside  air  design  temperatures: 

95 °F  dry  bulb.  75 °F  wet  bulb 

c 

(b)  Summer  outside  relative  humidity:  40  percent 

(c)  Winter  outside  air  design  temperature:  10 °F 

(d)  Heat  loss  (STU): 


Walls 

Roof 

Floor 

Ventilation 

Hass 

Basic  building 

71,000 

100.000 

23,000 

330,000 

129,000 

At  grade 
shelter 

18,600 

33,200 

2,500 

240 ,000 

- 

Below  grade 
shelter 

5,500 

_ 

2,500 

240,000 

(e)  Inside  shelter  temperatures:  70°F  winter,  100  percent 

outside  air  summer  (no  air  conditioning) 

(f)  Fire  protection:  Local  code  requirements 
4.6.3  Structural 

(a)  Applicable  Codes 

ACI  Building  Code  Requirements  for  Reinforced 
Concrete  (ACI  318-71) 

Chicago  Building  Code.  1972 

Specification  for  the  Design,  Fabrication  and 
Erection  of  Structural  Steel  for  Buildings, 

AISC,  1969. 

Specifications  for  the  Design  and  Construction 
of  Load  Bearing  Concrete  Masonry,  NCMA,  1968. 


(b)  Assumed  Material  Properties 

28  day  concrete  compressive  strength, 
Minimum  yield  for  reinforcing  bars,  f 
Minimum  yield  for  structural  steel,  f 
Minimum  yield  for  steel  joists,  f 

Allowable  soil  bearing  pressure,  p 


**  3,000  psi 

-  40,000  psi 

-  36,000  psi 

=  50,000  psi 
“  2,500  psf 


(c)  Assumed  Dynamic  Material  Properties 

Concrete  compressive  strength,  =  3,750  psi* 

Minimum  yield  for  reinforcing  steel,  f^  =  52,000  psi  - 

Allowable  dynamic  soil  bearing  pressure: 
twice  static  allowable  plus  free  field 
overpressure  (see  Ref.  1,  pp  9-14). 

4.7  COST  ESTIMATES 

The  following  is  a  summary  of  the  cost  estimates  for  the  four 
designs.  Costs  are  based  on  current  Chicago  area  construction 
and  include  all  costs,  material,  labor,  etc.  A  detailed  cost  break- 
dovm  follows  the  summary  (see  Table  4.1). 


Basic 

Building 

Basic 

Building 

with 

Basement 

Building 
with 
Shelter 
at  Grade 

Building 

with 

Below  Grade 
Shelter 

1. 

Earthwork  and 
structural 

51,317 

68,187 

74  ,256 

81,858 

2. 

Architectural 

74,276 

75 ,943. 

71,774 

75  ,502 

3. 

Mechanica 1 

57,160 

59,536 

67,960 

72,136 

4. 

Electrical 

22,620 

25  ,930 

37,620 

40 ,930 

Total 

$205,373 

$229,596 

$251,610 

$270 ,426 

Cost/sq  ft 

$16.30 

$15.89 

$19.97 

$18.71 

4.8  SHELTER  SURVIVABILITY 

Survivability  estimates  were  made  for  personnel  using  the  above 
grade  shelter,  the  below  grade  shelter,  the  unprotected  (normal) 
basement  and  the  conventional  building  without  a  basement.  Results 
are  included  in  Fig.  4.5.  Analysis  of  the  above  grade  shelter  re¬ 
vealed  that  collapse  of  the  walls  precedes  roof  slab  collapse;  thus, 
the  survivability  estimate  is  somewhat  lower  for  the  above  grade 
shelter  as  compared  to  the  below  grade  shelter  where  the  overhead 
slab  strength  governs. 

It  will  be  noted  that  there  is  not  a  great  deal  of  difference 
in  protection  afforded  by  the  conventional  building  to  prone  or 
standing  people  provided  they  are  uniformly  distributed. 
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TABLE  4.1  COST  ESTIMATES 


D*  -tpcica 

Basic  Building 

Basic  building 
with  Ba5es*nt 

Building 
vith  Shelter 
at  Grade 

Building 
with  Shelter 
bclcv  Grade 

Unit 

Price  i 

Quantity  Cost 

Quantity  Cost 

Quantity  Cost  Quantity  Cost 

Eerthucrfc  and  Structural 

1.  Excavation,  backfill  and  greding 

cu  yd 

2.75 

545  1,455 

2.200 

6,050 

757  2.06S 

2.200 

6,053 

2.  Concrete  (forrvork  included) 

cu  yd 

67.00 

275  18,626 

334 

25. /20 

466  32,562 

461 

30,667 

3.  Reinforcing  bars  -  Grade  4*3 

4.  Welded  tfiri  fabric: 

Its 

0.21 

1,373  288 

13 ,402 

2,314 

81.932  17.206 

67,995 

14,279 

3x3  -  5/5 

sq  ft 

0.24 

12,600  5,024 

12 .600 

3,024 

12,600  3  024 

12 .600 

3,024 

6x6  -  10/ m 

*q  ft 

0.05 

12 .600  756 

12.600 

756 

12,600  756 

12,600 

75f 

5  Structure!  steel 

Jb» 

0.21 

31,005  6,511 

31,005 

6,511 

23.845  5,007 

31,005 

6,511 

4.  Bearing  places  and  anenor  Bolts 

205 

205 

167 

205 

Open  web  steel  joists  (16K55 

lbs 

0.16 

21,300  3,834 

21.300 

3,834 

13,200  3.276 

21.30C 

3,834 

5.  Steel  Joist  accessories 

1.271 

1,271 

1,129 

1,271 

9.  Corrugated,  galvanized.  steel 
rocf  deck 

sq  ft 

0.39 

12.600  4.914 

12,600 

5,914 

10,750  4,193 

12,600 

4,914 

10.  Concrete  block  vails: 

8  in.  hollow  Mock 

sq  ft 

1.60 

4,810  7,696 

6.492 

10,387 

1.442  2,307 

4.677 

7,463 

its.  solid  block 

sq  ft 

1.65 

320  1 ,353 

820 

1,353 

740  1,221 

790 

1,304 

11.  6  in.  crushed  jcooe  base  course 
fer  grade  slats 

cu  yd 

3.75 

233  1,340 

233 

1,340 

233  1,340 

233 

1,340 

TOTAL 

851,317 

$68,187 

$74,256 

$51,859 

Architectural 

1.  Concrete  block  partitions,  S  In. 

Sq  ft 

1.60 

6,720  30,752 

6,720 

10.7*2 

5,110  8.176 

6,740 

10,784 

2.  Interior  doors,  3  ft -3  in.  'ey 
i  ft-8  in.  (including  hardware) 

u. 

3 DC. 00 

11  4,200 

16 

4,800 

15  4,500 

16 

4,800 

3.  Bocf; 

2-1/2  in.  lightweight  concrete 

cu  yd 

35.00 

77  2,t9S 

77 

2.695 

77  2,695 

7? 

2,695 

1-1/2  in.  rigid  insulation 

sq  ft 

0.30 

12,500  3.780 

12,600 

3,7£0 

12.600  3.780 

12.600 

3,780 

i  ply  tar  and  gravel  roofing 

sq  2t 

0.32 

12,600  4,032 

12.500 

4.032 

12,600  4.032 

12  ,t*C0 

4.032 

Precast  concrete  coping 

lin  ft 

2.60 

47C  4 ,230 

470 

4.230 

470  4,230 

470 

4.250 

fool  drainage  (drains,  pipes , 
copper  flashing) 

2,222 

2,722 

2,722 

2,722 

4.  Brick  veneer,  4  In. 

4.  Entrancevay: 

sq  ft 

2.90 

5,630  16,327 

5,630 

16.227 

5,782  16.765 

5,467 

15,854 

15  ft  by  9  ft-6  in. 
glass  with  tvo  doors 

es.  1,600.00 

l  1,600 

1 

1.600 

1  1.600 

1 

1,600 

10  ft  by  9  ft-6  in. 
glass  with  tve  doors 

es.  1 

,200.00 

1  2.200 

1 

1.200 

1  1,200 

1 

1,200 

6.  Suspended  calling  systen 

sq  ft 

0.85 

12,600  10,710 

12,600 

10,710 

12.600  10,710 

12.60 0 

10,710 

7.  Frcao’.ded  expansion  Joint. 

1/7  In.  by  6  in.  around  floor 
periseter 

lin  ft 

3.26 

46C.  122 

550 

143 

468  122 

550 

143 

6.  Liadov?; 

6  ft  by  19  ft-6  In. 

ea. 

34--.  00 

9  3.105 

9 

3,105 

7  2.415 

9 

3,105 

6  ft-0  in.  by  22  ft-6  in. 

Cl 

.i.C- 

4  1,400 

4 

1,400 

-  1,400 

L 

1,400 

9.  -Uphalt  floor  tile  (ioclcdisj;  *34se) 

so  ft 

0.36 

S2.600  .536 

14.500 

5.220 

12,600  4,536 

14,500 

5,220 

ID.  Painting  (interior.) 

sq  ft 

0.35 

39,100  2,565 

21,512 

3,227 

19,250  2,888 

21.512 

3,22? 

TOTAL 

S74.276 

S75.943 

$73,774 

$75,502 

Descript  \.vo 

Sasic 

basic  Building 

SutldltS  vith 

5*ie»eut 

Building  Building 

with  with 

Shelter  re  lev  Grade 

at  Grade  Shelter 

Mechanical  Eenlnaeut 

1.  40  ton  air  c codiclosing  unit 

2.  Ductwork 

3.  Diffusers  and  register- 

4.  Temperature  controls 

5.  Eoaoxt  fans 

i.  Exhaust  acod  or  shift 

7.  1-1/2  hp  erterger-cy  air  hind  Hog  unit 
$.  Eoergeucr  fresh  air  intake 

9,  CJk  filter* 

10.  flashing  systen 

H.  1*3  hp  suop  prop,  bos  in  and 
drain  tile 

12.  Sprinkler  syitra 

25.000  28.000 

8.500  8,500 

1 ,000  1 ,000 

2 .000  7  .000 

3.500  u.500 

6.600  6.600 

1,296 

7.560  S.640 

28.000 

8.500 

1 .000 
2,000 
4,100 

400 

2.500 
400 

5,903 

5.500 

7.560 

28,000 

8.500 
1.000 
2.000 
4,100 
1.300 

2.500 
1.300 
6,900 
6.600 

1,296 

-U~2 

TOTAL 

557.160  559.535 

$.57,960 

$72,134 

Electrical  £i*i?arv 

1.  Lighting  fixtures 

2.  CX:r,ers.  svlt'fces.  telcphcs*  hv«o*ap» 

3.  Wiring,  control  panels.  distribution 

4.  1355/  energener  gererater 

11.490 

3.530 

7.600 

13.890 

4,440 

7,600 

11.490 

3.530 

7.600 

15.0» 

13.550 

4,440 

7,600 

15.003 

• 

TOTAL 

$22,623  $25,930 

SP.629 

$40,530 

-"-  *r^  "f:  >'  "  •  '  -~  *  - -  - - ._-,^~.~,.i  ,  '™~-«‘'*q**‘*aea**3jQ^^^ 
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Fig.  4.5  Shelter  Survivability  Estimates 


The  Median  Lethal  Overpressure  (MLCP)  for  people  in  the  basement 
is  6.0  psi  while  that  for  upstairs  is  4.9  psi  when  people  are 
standing  and  5.4  psi  when  they  are  prone.  This  is  a  relatively 
small  basement . with  concrete  block  walls  and  a  simply  supported 
overhear  slab  which  responds  primarily  in  one-way  action.  It  was 
designed  for  a  minimum  live  load  of  75  psf.  Such  a  slab  is  not 
capable  of  developing  a  great  deal  of  membrane  action  and  when 
failing  catastrophically  becomes  the  primary  cause  of  casualties. 
However,  should  these  poople  be  located  along  the  peripheral  walls, 
in  prone  or  sitting  positions,  then  the  corresponding  MLOP  is 
10.5  psi. 

Such  a  large  improvement  is  not  possible  for  the  upstairs 
portion  by  simply  moving  people  around.  The  primary  casualty 
mechanism  upstairs  is  translation  which  is  aided  by  the  substan¬ 
tial  percentage  of  window  openings.  This  is  followed  fairly  close¬ 
ly  by  debris  from  the  breakup  of  the  building.  It  will  be  noted 
that  peripheral  walls  and  interior  partitions  all  consist  of  con¬ 
crete  masonry. 

4.9  COST  COMPARISON  AND  SUMMARY 

Four  cost  comparisons  were  made  for  the  two  sheltering  vari¬ 
ations: 

(1)  total  building  cost  per  square  foot  of  building 

(2)  shelter  cost  increment  per  square  foot  of  building 

(3)  shelter  cost  per  square  foot  of  shelter 

(4)  shelter  cost  increment  per  square  foot  of  shelter 

The  first  comparison  showed  that  the  above  grade  shelter 
building  is  7  percent  more  expensive  per  square  foot  than  the 
below  grade  shelter  building.  This  cost  differential  is  magnified 
when  the  shelter  cost  increment  over  the  comparable  unprotected 
building  is  considered.  The  cost  increment  over  the  total  building 
area  was  30  percent  greater  for  the  above  grade  shelter  over  the 
below  grade  shelter.  The  actual  shelter  costs  per  square  foot  of 
shelter  were  compared  and  are  given  as: 
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Above  grade  shelter  -  $24.99/sq  ft  of  shelter 

Below  grade  shelter  -  $22.07/sq  ft  of  shelter 

On  this  basis  the  incremental  shelter  costs  per  square  foot  of 
shelter  are  computed  as: 

Above  grade  shelter:  $24.99  -  $16.30  =  $8.69/sq  ft  of  shelter 

Below  grade  shelter:  $22.07  -  $15.89  -  $6.18/sq  ft  of  shelter 

The  survivability  of  either  shelter  variation  was  compared 
and  showed  the  below  grade  shelter  having  an  estimate  mean  lethal 
overpressure  of  18.5  psi  while  the  above  grade  shelter  was  at 
16.5  psi. 

In  summary,  the  below  grade  shelter  variation  appears  to  be 
a  better  alternative  with  respect  to  cost  and  survivability  than 
an  above  grade  shelter. 
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CHAPTER  5 

ANALYSIS  OF  SPECIAL  PERMANENT  AND  EXPEDIENT  SHELTERS 


5.1  INTRODUCTION 

An  investigation  of  a  set  of  eight  shelters  was  performed  to 
determine  their  usefulness  with  respect  to  direct  nuclear  weapons 
effects  produced  by  megaton  (MT)  range  nuclear  weapons.  These 
included  special  permanent  and  expedient  shelters.  Special  perma¬ 
nent  shelters  are  defined  as  those  which  may  be  constructed  by 
private  individuals  or  groups  with  direct  effects  and/or  fallout 
radiation  protection  in  mind.  This  may  include  a  concrete  block 
basement  shelter,  a  wooden  lean-to  basement  shelter  or  a  small 
neighborhood  shelter  separate  from  adjoining  dwellings.  Such 
shelters  are  more  permanent  than  expedient  shelters.  Expedient 
shelters  refers  to  structures  which  can  be  erected  with  minimal 

tt 

cost,  effort  and  time  expenditure  and  requiring  only  rudimentary 
skills.  Of  the  eight  shelters  investigated,  five  were  designed 
primarily  for  fallout  protection;  the  remaining  three  were  planned 
for  limited  blast  resistance  in  addition  to  fallout  protection. 

All  eight  shelters  considered  here  were  designed  previously 
and  are  completely  described  in  several  references  mentioned  below 
To  facilitate  discussion,  a  list  of  these  shelters  with  identify¬ 
ing  letters  is  given: 

*  A  Unreinforced  concrete  block  (Ref.  4) 

Plywood  lean- co  (Ref.  1) 

Plywood  rigid  frame  (Ref.  1) 

Reinforced  concrete  block  (Ref.  1) 

Aboveground  timber  A-frame  earth  covered  (Ref.  4) 
Outside  semimounded  plywood  box  (Ref.  4) 

480  person  austere  community  fallout  shelter  (Ref.  2) 
Underground  wood-grate  roof  (Ref.  3) 


*  B 

*  C 

*  D 
**  £ 
**  p 

*  G 
""  H 


*  Special  Permanent  Shelter 
**  Expedient  Shelter 
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Sketches,  reproduced  from  the  listed  references,  are  included  at 
the  end  of  this  chapter  (see  Figs.  5.1  through  5.8). 

Shelters  A,  B,  C  and  D  are  all  planned  as  basement  shelters 
for  typical  single  family  housing.  Shelters  E  and  F  are  also  in** 
tended  for  a  single  family  use,  but  are  not  associated  with  a  par¬ 
ticular  house,  rather,  they  are  to  be  located  outside,  separate 
from  a  residence.  Shelters  G  and  H  are  larger  scale  shelters  in¬ 
tended  for  community  use. 

The  four  basement  shelters  presented  a  problem,-  because  their 
protection  level  may  depend  to  a  great  extent  on  the  nature  of  the 
structure  enclosing  them.  Typical  single  family  housing  may  be 
estimated  as  being  able  to  withstand  at  most  2  to  3  psi  overpres¬ 
sures  before  collapse  occurs,  righer  overpressures  will  clear  the 
aboveground  structure  fron  t. >itc.  At  this  point  no  attempt 
was  made  to  consider  the  interaction  of  the  shelter  and  the  house. 

The  basement  shelters,  for  the  purpose  of  blast  analysis  were  as¬ 
sumed  to  be  located  essentially  in  a  free  field  environment.  For 
initial  nuclear  radiation  effects,  however,  the  basement  walls  and 
below  grade  location  were  considered  in  estimating  attenuation  fac¬ 
tors.  The  four  remaining  shelters  were  independent  of  other  struc¬ 
tures,  except  for  debris  from  possible  neighboring  buildings. 

5.2  SHELTER  EVALUATION 

5.2.1  Blast 

As  a  first  step  in  evaluating  the  effectiveness  of  these  shel¬ 
ters  in  protecting  occupants,  their  blast  resistance  was  investi¬ 
gated.  Only  shelters  B,  C  and  D  were  specifically  designed  for 
resistance  to  blast,  while  the  others  are  primarily  fallout  shel¬ 
ters  . 

in  estimating  the  blast  resistance,  two  overpressure  levels  were 
considered:  first,  the  overpressure  resulting  in  moderate  damage 
to  the  shelter  structure,  and  second,  the  overpressure  causing  com¬ 
plete  collapse.  Moderate  damage  is  defined  to  occur  at  an  over¬ 
pressure  level  which  leases  the  shelter  standing,  however  consider¬ 
ably  weakening  it  with  respect  t'.  further  loading.  Large  scale 
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cracking  of  concrete  block  walls,  failure  of  several  wood  joists, 
support  loosening,  and  large  deflections  are  indicative  of  a  state 
of  moderate  damage.  Although  the  structure  remains  standing  a  re¬ 
peated  lead  of  similar  or  smaller  magnitude  may  be  sufficient  to 
cause  partial  collapse.  Complete  collapse  refers  to  an  overpressure 
magnitude  which  essentially  levels  the  shelter. 

These  two  overpressure  levels  are  determined  to  guide  the  eval¬ 
uation  of  people  survivability  since  debris  (from  the  breakup  of 
the  shelter  and  parent  structure)  and  translation  of  shelterees 
by  blast  w:nds  are  important  casualty-producing  mechanisms.  At 
the  first  overpressure  level,  i.e.,  when  the  shelter  experiences 
moderate  damage,  no  casualties  are  expected.  At  the  second,  sig¬ 
nificant  casualties  may  be  produced  due  to  the  breakup  of  the 
shelter  and  subsequent  translation  of  occupants. 

Estimates  of  the  strength  of  these  shelters  were  made  diffi¬ 
cult  by  the  nature  of  the  structures  and  materials  involved.  The 
strength  of  a  wooden  frame  is  very  much  dependent  on  the  particu¬ 
lar  wood  used.  Blast  response  of  hollow  concrete  block  walls  such 
as  in  Shelter  A  or  double  wyth  sar.d -filled  walls  as  in  G,  or  re¬ 
inforced  concrete  block  walls  as  in  D,  also  presented  some  diffi¬ 
culties.  For  all  shelters  considered,  a  great  deal  depends  cn 
the  connections  and  how  soundly  they  are  designed  and  then  ac¬ 
tually  built.  Based  on  current  methodology.  Table  5.1  lists  the 
estimated  blast  resistance  of  the  eight  shelter  types. 

As  is  apparent  from  the  table,  shelters  originally  designed 
for  fallout  protection  provide  comparatively  minimal  blast  re¬ 
sistance,  at  most  up  to  the  3  psi.  Also,  it  is  evident,  that  at 
the  above  collapse  ranges  all  shelters  would  no  longer  be  able 
to  provide  satisfactory  fallout  protection,  while  at  the  moderate 
damage  range  fallout  protection  will  still  be  essentially  intact. 


Table  5.1 

EXPEDIENT  SHELTER  BLAST  RESISTANCE 


Shelter 

Overpressure 

(psi) 

Levels 

Moderate  Damage 

Collapse 

A 

roof 

2.0 

4.0 

walls 

1.0 

2.0 

B 

roof 

o 

• 

o 

13.0 

C 

lean- to  wall 

3.0 

10.0 

D 

walls 

6.0 

10.0 

E 

roof 

2.2 

3.0 

F 

roof 

1.6 

2.2 

G 

roof 

4.0 

5.0 

walls 

2.0 

3.0 

a 

roof 

1.0 

1.8 

5.2.2  Initial  Nuclear  and  Thermal  Radiation 

For  all  of  the  shelters,  sufficient  thickness  ant}  density  is 

t 

provided  to  attenuate  initial  nuclear  radiation  to  a  level  where 
no  casualties  are  expected  within  the  overpressure  range  where  most 
damage  occurs.  Also,  complete  shielding  frum  the  thermal  pulse 
is  provided  for  the  shelter  occupants. 

5 -.3  PERSONNEL  SURVIVABILITY 

Surviv ability  in  these  shelters  is  a  function  of  several  cas¬ 
ualty  producing  mechanisms.  Basically,  casualties  can  be  antici¬ 
pated  with  debris  impacts  on  the  shelter  occupants  with  the  collapse 
of  the  shelter  structure.  In  addition  casualties  with  translation 
of  the  occupants  in  the  blast  wind  must  also  be  considered.  No 
casualties  are  expected  prior  to  the  collapse  of  the  shelter  struc¬ 
ture  .  Thus,  the  overpressure  levels  shown  in  Table  5.1  are  in 
themselves  a  good  indication  of  the  survivability  potential  of 
the  shelters. 

With  the  initial  collapse  of  shelter  G  (480  person  community 
fallout  shelter)  at  2  psi  some  casualties  are  expected.  However, 
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the  mam  problem  with  this  shelter  is  expected  to  bo  t"he  I'xaa 
tion  of  the  surviving  occupants  along  with  the  building  dtrbrii 
Being  exposed  above  grade  to  the  blast  wind,  translation  with 
pacts  on  the  ground  or  with  building  debris  would  be  the  sajo: 
danger  as  the  structure  and  occupants  are  swept  from  the  site 
Overpressures  of  interest  are  in  the  range  of  6  to  10  psi.  A! 
10  psi  no  survivors  can  be  expected. 

People  translation  will  also  represent  a  significant  pro] 
tion  of  the  casualties  foV  the  earth  covered  A-frame  shelter  J 
since  as  originally  planned,  the  shelter  is  located  above  gra< 
with  only  an  earth  radiation  shield.  Collapse  of  the  structu; 
as  noted  in  Table  5.1,  would  occur  at  3  psi.  Debris  piieup  Oi 
shelter  occupants  will  have  some  probability  of  causing  casual 
however,  at  higher  overpressures,  in  the  range  of  8  to  10  psi 
the  shelter  debris  and  occupants  will  be  scattered  by  the  win 
negligible  probabilities  of  survival. 

Shelter  F,  the  partially  buried  plywood  box,  can  expect  < 
lapse  of  the  roof  structure  at  2.2  psi  free  field  overpressur 
Burial  of  the  occupants  at  this  level  could  cause  some  casual 
Higher  overpressures  could  cause  collapse  of  the  roof  suffici, 
violent  tG  seriously  endanger  the  occupants.  Being  only  part 
buried,  the  possibility  of  being  swept  by  the  blast  winds  is  , 
a.  factor. 

The  wood-grate  roof  shelter  H,  although  failing  at  the  1< 
overpressure  of  the  eight  shelters,  1.8  psi,  has  an  advantage 
over  the  other  outdoor  structures,  that  is,  it  is  entirely  be. 
grade.  Flexural  failure  of  the  rocf  structure,  although  prodi 
significant  casualties  would  still  provide  some  protection  to 
shelter  occupants  remaining  3'nielded  beneath  the  collapsed  st 
ture.  Translation  by  the  blast  wind  would  not  be  nearly  as  i 
pertans  a  factor  as  in  the  other  three  exposed  or  partly  expo 
shelters.  Thus,  a  email  percentage  of  occupants  may  be  expec 


Survivability  in  the  basement  shelters  A,  B.  C  and  D  is  not 
affected  by  the  problem  of  people  translation  as  it  is  for  the 
outdoor  shelters.  Primarily,  casualties  will  occur  with  impact 
of  the  shelter  debris  on  the  occupants. 

For  the  unreinforced  concrete  block  shelter  A,  an  overpressure 
of  5  to  6  psi  is  required  so  that  the  brittle  failure  of  the  block 
walls  and  their  ensuing  short  distance  translation  result  in  suffi- 
'  ciently  severe  impact  velocities  to  cause  fatalities. 

Shelters  B,  C  and  D,  which  are  the  only  ones  of  the  eight 
.  expedient  shelters  which  were  designed  for  blast  offer  the  most 
protection  with  complete  protection  up  to  10,  13  and  10  psi,  respec¬ 
tively.  Several  psi  higher,  and  the  violent  collapse  of  the  struc¬ 
ture  on  the  shelter  occupants  will  preclude  any  possibility  of 
survival . 

In  estimating  the  survivability  for  the  basement  shelters 
the  effect  of  the  enclosing  structure  was  neglected.  However, 
the  debris  from  this  and  neighboring  structures  may  present  the 
major  ha2ard  to  people  in  these  shelters  because  of  the  possi¬ 
bility  of  fire.  It  is  conceivable  that,  although  able  to  resist 
blast  over  10  psi,  the  three  basement  blast  shelters  are  left 
completely  vulnerable  to  fire,  not  only  from  a  burning  debris 
pile,  but  3lso  from  the  shelter  itself  burning.  In  this  event, 
unless  evasive  action  is  taken,  no  survivors  can  be  expected. 

The  major  concern  is  that  burning  debris  at  overpressure  levels 
much  lower  than  the  nominal  strength  of  the  shelters  will  make 
the  originally  attractive  wooden  ana  block  shelters  completely 
useless.  The  increased  blast  resistance  would  not  protect  the 
occupants  from  fire  at  low  overpressures.  At  higher  overpressures, 
debris  from  neighboring  structures  may  also  be  a  factor.  In  addi¬ 
tion,  the  outdoor  shelters  are  not  invulnerable  to  the  came  ef¬ 
fects,  however  the  danger  to  them  appears  to  be  df  lesser  im¬ 
portance. 


Floor  Plan  Roof  Framing  Plan 


Fig,  5.1  Shelter  A,  Unreinforced  Concrete  Block 
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CHAPTER  6 

CONCLUSIONS  AND  RECOMMENDATIONS 
6.1  INTRODUCTION 

By  far  the  major  portion  of  the  effort  reported  herein  was 
devoted  to  the  task  of  developing  a  rational  simulation  model 
capable  of  predicting  the  survivability  (relative  safety)  of 
people  located  in  conventional  (NFSS)  buildings  when  exposed  to 
the  direct  effects  of  nuclear  weapons.  Two  models  were  produced. 
The  first  is  a  complete  simulation  process  which  uses  a  fair  num¬ 
ber  of  different  routines  which  form  the  overall  computational 
system.  The  second  is  simply  an  operational  version  of  the  first 
model  which  uses  previously  computed  results  that  were  run  off 
for  suitably  large  ranges  of  pertinent  parameters.  The  opera¬ 
tional  version  was  developed  to  reduce  computational  costs  and 
turnaround  time  in  performing  operational  level  survivability 
analyses  on  large  numbers  of  ''typical"  buildings.  The  first 
model  applies  to  unique  situations  requiring  detailed  modeling 
and  to  specific  sensitivity  analyses.  The  second  applies  to  more 
standard  situations  for  which  it  produces  results  quickly  and 
economically.  Both  programs  are  currently  operational  on  the 
University  Computing  Company  (UCC)  UNI VAC  1108  computational 
system. 

The  simulation  process  applies  adequately  to  low  and  high 
rise  framed  (reinforced  concrete  and  steel)  buildings  with  "weak" 
exterior  walls,  i.e.,  buildings  which  do  not  produce  significant 
quantities  of  casualty  level  debris  when  interacting  with  the 
blast  wave.  It  applies  reasonably  well  to  buildings  with  "strong" 
exterior  walls  providing  that  overturning  is  not  a  problem,  and 
to  load-bearing  buildings  prior  to  the  collapse  of  the  load- 
bearing  walls. 

This  model  represents  a  substantial  improvement  over  that 
of  the  original  SEP  code  (Ref.  1)  both  in  its  range  of  applica¬ 
bility  and  ease  of  operation.  To  date  it  is  the  only  simulation 
model  which  is  capable  of  evaluating  the  survivability  of  people 


relative  to  very  specific  hazards,  i.e,,  the  prompt  effects  of  . 
nuclear  weapons.  It  can  he  readily  extended  to  consider  the 
survivability  of  people  subject  to  hazards  such  as  tornados, 
hurricanes  and  earthquakes.  Operational  analysis  methods  for 
dealing  with  such  effects  are  currently  very  limited  and  where 
they  do  exist  they  are  used  for  evaluating  physical  damage  and 
never  people  survivability  in  the  sense  used  herein. 

Since  the  computational  process  necessarily  takes  into  ac¬ 
count  the  damage  that  a  given  building  experiences,  this  model 
can  certainly  be  used  to  perform  damage  assessment  studies  and 
therefore  should  be  used  for  this  purpose  by  agencies  engaged 
in  this  activity. 

With  appropriate  modification  of  blast  loading  data,  the 
basic  computational  algorithm  may  bs  usea  in  evaluating  explo¬ 
sives  safety  and  thus  for  establishing  reliable  safety  criteria 
in  separating  munitions  storage  igloos  from  inhabited  structures. 

6.2  NECESSARY  IMPROVEMENTS  TO  THE  SIMULATION  MODEL 

Although  the  model  is  operational  and  is  capable  of  pro¬ 
ducing  results  which  are  distinctly  more  reliable  than  anything 
in  the  oast,  it  should  nonetheless  be  considered  as  a  first  order, 
preliminary  effort.  As  described  in  the  preceding  chapters  of 
this  report,  the  model  has  some  distinct  drawbacks  which  can 
and  should  be  remedied.  These  are  the  following. 

1.  Blast  loading  prediction 

2.  Translation  casualty  dose  prediction 

3.  Debris  casualty  dose  prediction 

4 .  Prompt  nuclear  radiation  dose  prediction 

The  first  three  items  really  define  a  single  problem  since  they 
all  deal  with  the  secondary  blast  effects  which  occur  approxi¬ 
mately  at  the  same  time.  People  translation  followed  by  impact, 
and  debris-people  interaction  in  a  high  velocity  blast  wind  en¬ 
vironment  are  coupled  by  the  fact  that  motion  in  each  case  is 
produced  by  the  same  agent  during  approximately  the  same  time 
interval.  It  should  therefore  be  treated  as  a  single  event 
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A  significant  portion  of  an  algorithm  wnich  provides  the 
basis  for  studying  the  plane  problem  currently  exists.  It  will 
be  recalled  that  routines  for  the  first  two  of  the  items  listed 
above  have  been  prepared  in  the  course  of  this  effort  (see  Ap¬ 
pendixes  A  and  B) .  An  adequate  debris  translation  routine  has 
also  been  developed  and  exercised  (see  Chapter  3).  Before  a 
useable ,  operational  algorithm  based  on  these  routines  c‘an  be 
produced  it  will  be  necessary  to  exercise  each  of  them  on  a  suit¬ 
ably  large  sample  of  representative  case  studies.  Such  an  ef¬ 
fort  is  important  since  it  provides  the  means  for  isolating  impor¬ 
tant  problem  parameters  such  as  categories  and  content  of  required 
data,  data  accuracy  requirements,  integration  times,  limitations 
of  results,  etc.  Further,  it  will  also  be  necessary  to  exercise 
the  combined  simulation  model  on  a  detailed  sensitivity  basis. 

Only  by  this  means  can  a  reliable  operational  version  be  produced. 
It  is  recommended  chat  such  an  effort  be  undertaken. 


The  prompt  nuclear  radiation  dose  prediction  routine  needs 


to  be  revised  since  original  data  are  no  longer  current  and 
data  are  available.  For  KT  range  weapon  yields  this  effect 
be  a  significant  casualty  producer. 


new 
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6.3  INCREASING  THE  SCOPE  OF  THE  SIMULATION  MODEL 
6.3,1  Load-bearing  Buildings  and  Shielding  Effects 


As  mentioned  previously  this  model  applies  directly  to 
framed  buildings  (i.e.;  buildings  whose  exterior  walls  and  in¬ 
terior  partitions  are  weaker  chan  the  supporting  frame),,  as  long  as 
overturning  of  the  structure  as  a  whole  does  not  pose  a  problem. 
Load-bearing  buildings  experience  partial  or  total  collapse  when 
their  exterior  walls  are  breached.  Result:*  of  this  model  are 
valid  for  fully  load-bearing  up  to  the  point  of  exterior  wall 
failure.  If  the  load-bearing  building  in  question  has  an  interi¬ 
or  frame  then  the  applicability  of  results  is  correspondingly 
extended. 

The  problem  is  that  this  model  does  not  contain  a  rationai. 
automatic  routine  for  predicting  casualtias  in  a  mass  debris 
environment  as  would  be  expected  during  the  collapse  of  a  load- 
bearing  building.  Such  a  routine  should  be  formulated  since 
matty  of  the  NFSS  buildings  fall  ir.  the  fully  or  partial  load- 
bearing  category. 

.  As  far  as  blast  effects  are  concerned,  the  analysis  process 
assumes  that  the  building  being  analyzed  is  located  in  the  open 
and  sufficiently  far  away  from  neighboring  buildings  such  that 
no  shielding  is  produced.  For  most  cases  of  interest  this  aosvnip 
tion  will  produce  conservative  results,  i.e.  ,  a  lower  bound  on 
survivability.  If  results  of  numerous  buildings  are  compared  on 
a  relative  basis  then  this  assumption  is  certainly  adequate. 
However,  it  would  be  useful  to  determine  to  what  extent  such 
shielding  is  capable  of  increasing  survivability  in  representa¬ 
tive  extreme  cases. 

6.3.2  Categorization  of  Survivors 

The  current  simulation  model  predicts  numbers  of  survivors 
in  the  immediate  postevent  period  and  includes  those  persons  who 
are  expected  to  survive  (live)  at  least  cue  week  afti-r  the  event 
provided  chat  certain  basic  rescue  operations  are  carried  out. 
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Conversely,  casualties  include  direct  fatalities  and  those  per¬ 
sons  who  are  expected  to  become  fatalities  within  a  short  period 
of  time  after  the  event. 

By  this  definition  survivors  include  two  groups  of  people, 
i.e.,  those  who  experience  no  physical  trauma  and  those  who  ex¬ 
perience  a  wide  spectrum  of  injuries  from  which  they  are  expected 
to  recover  to  some  level  of  normality.  Such  injuries  may  be 
slight  or  incapacitating  and  will  include  combinations  of  shock, 
cues ,  bruises .  lacerations ,  broken  limbs ,  damage  to  internal  or¬ 
gans,  burns,  broken  eardrums,  blindness,  recoverable  levels  of 
radiation  illness,  etc.  Subsequent  survival  ar.d  recovery  of  this 
subcategory  of  people  will  depend  on  the  extent  to  which  post¬ 
attack  rescue  operations  are  capable  of  removing  them  from  hazard¬ 
ous  places  and  to  areas  conducive  to  recovery.  This  may  but  does 
not  necessarily  include  medical  attention  beyond  that  of  basic 
first  aid. 

It  will  be  recalled  that  “injur edu  survivors,  who  may  be 
fully  mobile  or  temporarily  incapacitated,  may  be  located  in 
upper  stories  of  buildings  with  damaged  stairwells,  basements 
with  blocked  exits,  etc.  Such  areas  may  be  subject  to  a  wide 
spectrum  of  postevent  hazards  including  fires,  smoke,  noxious 
gases,  etc.  Results  reported  herein  assume  that  “basic’1  rescue 
operations  are  carried  out.  Should  this  not  be  the  case  then 
the  number  of  survivors  reported  may  be  significantly  reduced. 
Generally,  the  extent  of  this  reduction  in  any  one  case  will 
depend  on  the  number  of  injured  and  the  type  and  intensity  of 
the  postattack  environment  in  the  immediate  vicinity  of  the  shel¬ 
ter.  To  measure  the  extent  of  the  possible  reduction,  it  is 
first  necessary  to  have  the  capability  foi-  separating  survivors 
in  two' categories ,  i.e.,  the  injured  and,  uninjured.  Since  res¬ 
cue  operations  are  not  expected  to  be  always  effective  or  even 
possible  in  some  cases,  it  is  important  to  have  the  means  for 
predicting  at  least  the  lower  and  the  upper  bound  on  the  total 
survivors. 
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Although  casualty  data  are  currently  limited,  it  is  felt 
that  what  exists  is  nonetheless  capable  of  being  categorized  to 
separate  survivors  in  relevant  injured  and  uninjured  categories: 
An  attempt  to  do  so  in  a  crude  fashion  has  already  been  made  in 
connection  with  the  3EP  code  (Ref.  1).  It  is  recommended  that 
currently  available  casualty  data  be  reviewed  and  categorized 
g;ving  a  reasonable  definition  to  the  class  of  injured  personnel. 
The  more  refined  dose  prediction  models  described  earlier  x-;ill 
b»  the  basis  for  determining  what  classes  of  data  are  important, 
to  what  levels  of  accuracy  and  what  limitations  can  be  put  on 
final  results. 

6. A  CAPABILITIES  IN  RELATED  AREAS 

The  current  simulation  model  has  the  capability  of  being  ap¬ 
plied  in  several  other,  related  areas  as  described  in  the  fol¬ 
lowing  paragraphs. 

6.4.1  Damage  Assessment  and  Munitions  Safety 

As  mentioned  previously,  the  model  makes  direct  use  of  the 
physical  state  of  buildings  and  therefore  is  capable  of  perform¬ 
ing  damage  assessment  studies  in  addition  to  people  survivability 
Since  several  agencies  of  the  Federal  Government  perform  damage 
assessment  studies  as  part  of  their  normal  function,  it  would  be 
useful  if  this  model  (or  a  suitable  version  of  it)  was  employed 
for  this  purpose.  This  is  the  first  model  which  has  the  capa¬ 
bility  of  studying  the  problem  in  detail  and  therefore  can  be 
used  as  a  basis  for  introducing  uniformity  into  this  field. 

The  basic  algorithm  contained  within  the  body  of  this  com¬ 
puter  program  also  has  the  capability  of  being  instrumental  in 
establishing  or  verifying  quantity-distance  standards  for  the 
manufacture,  handling  and  storage  of  munitions.  To  make  this 
an  operational  model  for  this  purpose,  free-field  environments 
as  produced  by  munitions  would  need  to  be  defined  and  introduced 
within  the  body  of  this  model.  Current  analytic  approaches  to 
this  problem  are  described  in  Refs.  2  and  3. 


6,4-2  Natural  Disaster  Effects 

Effects  of  natural  disasters  such  as  earthquakes,  hurricanes 
and  tornados  have  always  posed  a  serious  problem  to  cities  and 
rural  communities.  Past  events  indicate  that  depending  on  the 
type  of  hazard  and  the  0iven  geographic  area,,  every  building  can 
be  susceptible  to  some  level  of  damage*  Injuries  and  fatalities 
are  not  uncommon-  It  is  a  matter  of  duration,  distribution  and 
intensity  of  a  given  effect  as  compared  to  how  well  the  various 
buildings  were  designed  to  anticipate  it  in  terms  of  effects 
mitigation  and  protection  to  occupants . 

The  problem  of  natural  hazard  effects  mitigation  has  cur¬ 
rently  received  some  impetus  and  a  fair  amount  of  activity  has 
been  generated  in  a  number  of  different  areas.  However,  it  ap¬ 
pears  that  the  emphasis  is  most’y  on  the  reduction  of  physical 
damage  and  only  indirectly  on  people  survivability.  Explicit 
evaluation  of  people  survivability  In  existing  buildings  when 
exposed  to  specific  natural  disaster  effects  is  not  being  con¬ 
sidered  at  this  time. 

Although  the  simulation  node!  described  herein  is  specific¬ 
ally  geared  to  prompt  nuclear  weapon  effects  people  survivability 
evaluation,  to  a  signifies* t  degree,  it  is  also  applicable  for 
evaluating  numbers  of  survivors  when  exposed  to  certain  natural 
hazard  environments  provided  that  their  loading  effects  can  be 
defined.  It  will  be  recalled  that  in  its  most  basic  form  this 
simulation  model  consists  of  a  set  of  dose  prediction  routines 
which  use  nuclear  effects  in  conjunction  with  simulated  personnel 
to  predict  intensities  of  each  dose  experienced.  These  are  then 
compared  with  casualty  data  to  predict  the  state  of  personnel. 

In  a  seismic  or  wind  (hurricane  or  tornado)  environment  (if  we 
ignore  floods)  casualties  in  buildings  are  produced  due  to  trans¬ 
lation  and  debris.  The  latter  is  probably  .(.ore  significant  in 
most  cases.  Therefore  casualty  data  contained  in  the  model  ap¬ 
ply  directly.  Provided  that  intensities,  distributions  and  dura¬ 
tions  of  wind  and  seismic  loading  and  corresponding  debris  en¬ 
vironments  can  be  defined  then  casualties  can  be  estimated. 
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The  current  blast  wind  loading  model  (see  Appendix  B)  is 
now  capable  of  predicting  dynamic  wind  pressure  distributions 
on  the  interior  of  buildings  for  a  given  free  field  wind  environ 
ment  and  is  especially  suited  for  long  duration,  high  velocity 
winds  as  occur  in  hurricanes. 

Although  this  model  is  the  closest  thing  available  for  es¬ 
timating  casualties  due  to  natural  hazard  effects,  a  fairly  sig¬ 
nificant  effort  would  be  required  to  develop  an  operational 
model  for  this  purpose.  Such  an  effort  is  nevertheless  recom¬ 
mended  since  it  would  provide  a  useful  adjunct  to  studies  which 
are  purely  physical  damage  oriented. 

6.4.3  Distribution  of  Blast  Initiated  Debris 

Chapter  3  of  this  report  describes  the  results  of  a  study 
which  was  conducted  in  support  of  fire  experiments.  The  corre¬ 
sponding  model  has  the  capability  of  determining  local  debris 
piles  in  terms  of  composition  and  distribution  in  substantial 
detail.  It  offers  an  opportunity  for  defining  and  understanding 
the  problem  of  blast-fire  interaction  as  this  influences  survi¬ 
vors  in  the  postattack  environment.  This  is  the  most  rational 
model  available  at  this  time  and  should  be  applied  to  more  typ¬ 
ical  situations. 
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APFENDIX  A 

TRANSLATION  SURVIVABILITY  MODEL 


A.  1  INTRODUCTION 

When  subjected  to  blast  winds  produced  by  the  explosion  of 
s  nuclear  weapon,  people  located  in  buildings  or  in  the  open  may 
be  translated  and  impacted  resulting  in  injury  or  mortality-  The 
purpose  of  this  appendix  is  to  describe  the  analytic  process 
which  predicts  people  survivability  in  a  blast  wind  environment. 

The  problem  of  people  translation  is  primarily  one  of  im¬ 
pact  with  the  horizontal  plane  (ground  surface,  building  floor) 
or  a  vertical  surface  such  as  a  wall.  Also,  in  taller  buildings, 
should  interior  walls  and  other  obstacles  be  cleared  by  the 
blast  wind,  a  person  could  be  swept  off  fcne  building  resulting 
in  horizontal  or  vertical  impact.  Application  of  appropriate 
fatality  criteria  (described  herein)  to  impacts  determined  by 
the  mechanics  of  the  rigid  body  model  results  in  estimates  of 
the  probable  lethality  of  translation. 

The  survivability  model  is  in  the  form  of  a  computer  simu¬ 
lation  of  the  process  involving  seven  subroutines  listed  as 
follows: 

1.  MAIN  Program 

2.  Subroutine  TUMBLE 

3.  Subroutine  PRESSJ 

4.  Function  KNOCK 

5.  Subroutine  IMPACT 

6.  Function  HHIT 

7.  Function  WBHIT 

The  MAIN  program  reads  in  data,  coordinates  the  computational 
process  and  prints  out  results.  TUMBLE  is  a  plane  rigid  body 
translation  model  which  simulates  the  trajectory  of  a  parson 
translated  by  the  blast  winds  and  determines  impact  velocities 
experienced.  Subroutine  PRESSJ  provides  the  necessary  free  field 


blast  loading  which  is  reduced  in  magnitude  by  the  ratio  of  win¬ 
dow  to  wall  area  of  the  room  being  analyzed.  Function  KNOCK 
provides  such  ratios.  Subroutine  IMPACT  calls  the  two  fatality 
criteria  routines  WBHIT  (whole  body  impact)  or  HHIT  (head  impact) 
to  relate  the  actual  impacts  computed  in  TUMBLE,  to  determine  the 
probability  of  survival* 

The  simulation  model  is  operational.  However  it  is  expected 
to  be  modified  in  two  respects.  First,  subroutine  TUMBLE  which 
simulates  a  person  by  means  of  a  single  rigid  block  is  to  be  re¬ 
placed  by  one  which  considers  an  articulated  model.  Such  a  model 
was  developed  and  is  described  at  the  end  of  this  appendix.  Sec¬ 
ond,  the  blast  loading  routine  is  to  be  replaced  by  a  more  real¬ 
istic  model.  Such  a  model  was  also  developed  and  is  described 
in  Appendix  B  of  this  report.  Subroutine  PRESS J  which  computes 
the  time-dependent  free  field  loading  was  developed  previously 
(Ref.  7)  and  is  not  included  in  this  appendix. 

The  remainder  of  this  appendix  describes  the  various  rou¬ 
tines  listed  above. 

A. 2  TRANSLATION  MODEL  AND  MECHANICS 

This  section  describes  subroutine  TUMBLE,  which  comprises 
the  rigid  body  mechanics  used  to  model  the  translation  process. 

A  simple  rigid  block  free  to  translate  and  rotate  in  two 
dimensions  is  used  to  represent  a  man.  The  rectangular  block  is 
defined  by  four  corner  points,  shown  in  Fig.  A. 1  along  with  typ¬ 
ical  data  for  the  average  man.  Points  1  and  2  in  Fig.  A.l  define 
the  feet,  points  3  and  4  define  the  head.  The  dashed  line  in  the 
figure  indicates  front  and  back  sides  (points  2  and  3  defining 
the  front) . 

The  rigid  block  is  subjected  to  blast  loading  and  subsequent 
contact  forces  produced  by  impact  with  horizontal  and  vertical 
surfaces.  Blast  leading  consists  of  diffraction,  drag  and  lift 
forces.  The  manner  in  which  the  diffraction  loading  is  applied 
is  illustrated  in  Fig.  A. 2  in  which  P-^(i:=I,4)  are  pressures  act¬ 
ing  at  the  corner  points. 
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Fig.  A.  1  Rigid  Body  Model 
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Fis.  A, 2  Pressure  Force  Notation 


They  are  averaged  as  indicated  and  corresponding  forces  are  as¬ 
sumed  to  act  at  the  center  of  each  lateral  surface.  The  net 
effect  of  this  loading  vanishes  once  the  shock  clears  around  the 
block.  For  simplicity,  the  manner  in  which  this  loading  is 
treated  here  may  be  replaced  by  a  single  impulse  as  discussed  in 
Appendix  B. 

Drag  and  lift  forces  are  applied  as  shown  in  Fig.  A. 3  and 
are  defined  as  follows : 

D  =  q(l)  A^CQ)  Drag  force 

L  =  q(t)  A^(G)  Lift  force 

where  q(t)  is  che  dynamic  pressure  of  the  flow  and  Ad  and  A»  are 
position  dependent  drag  and  lift  areas  which  are  expressed  as 
fellows : 

Ad  AdminT  ^Admax  Admin^  s^n~  ^ 

Ai  =  AW  sin'29  ‘ 

Admin*  Admax  and  Aimax  are  resPectively  the  minimum  drag  area, 
the  maximum  drag  area  and  the  maximum  lift  area  of  the  rigid 
block.  They  are  obtained  by  multiplying  the  actual  areas  of  ap¬ 
propriate  drag  and  lift  coefficients.  Variations  of  drag  and 
lift  area  ratios  with  orientation  is  illustrated  in  Fig.  A. 4. 
ror  the  geometry  given  in  Fig.  A.l  the  basic  area  values  are  given 
as  follows: 


Admir.  "  U2  SC1  ft 
A*nax  *  9'°  s<)  £t 


Alm ax  "  2-5  s<5  ft 
As  shown  in  Fig.  A. 3.  che  drag 
center  of  the  projected  area. 


force  is  assumed  to  act  at  the 
Its  eccentricity  (A)  is 


“  (§~Di)  cos8  +  sin9 


Ahe  lift  force  is  assumed  to  act  at  the  center  of  gravity  ^c.g.) 
and  therefore  has  no  associated  eccentricity. 
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The  final  set  of  forces  which  may  act  on  the  man  are  con¬ 
tact  forces  which  occur  on  impact  with  either  a  horizontal  or  a 
vertical  surface.  These  contact  forces  are  broken  down  into  the 
horizontal  (H)  and  vertical  (V)  components  acting  at  the  four 
corner  points  of  the  block. 

The  following  forces  apply  (where  the  subscript  i  refers 
to  the  specific  point  in  contact:  i  =  1,2,3  or  4): 


For  contact  with  floor: 

vi  =  _KL  yi 

y.<0 

and 

y±  <o 

=  -Ku  y. 

<0 

and 

yi-° 

=  0 

v: 

!-*• 

V 

O 

Hi  =  ♦(|xi|'/xi) 

For  contact  with  wall: 

‘Ij.  *■ 

xi>xw 

and 

^>0 

=  Ku(xi-xw) 

xi>xw 

and 

*i<° 

■  0  xi<xw 

V1  “  <lyil/yi> 

where 

* 

ji ^  -  coordinate  of  the  wall 

KL  -  spring  constant  for  loading 
Ku  -  spring  constant  for  unloading 
U  -  coefficient  of  friction 

The  numerical  values  for  KL,  Ku  and  p  are  estimated  as: 

KL  =  1.65xl05  lb/ft 
Ku  -  1.65xl03  lb/fc 
U  =0.25 

A  free  body  diagram  of  the  rectangular  block  model  showing  all 
forces  is  shown  in  Fig.  <->.5.  • 
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The  governing  equations  for  computing  the  trajectory  of  the 
block  are  given  as  follows: 

M>:  =  -D-H1-H2-H3-H4  +P12sin0  -  P23cos0  -  P34sin0  +P41ccs0 


L-f-V-,  +V2  +V3  +V4  +P19cos0  +  P23sin9  -  P34ccs0  -  P41sin9  -mg 

-DA  4-  (D^cos0  -  S-^sinO)  -f-H^D^cos©  +S2sin0) 

-  H3(D9cos0  -  S2sin0)  -  H4(D2cos0  -S-S^inO) 

+  V1(D1sin0 +  8^030}  +  V2(DJsinfi  -  S2cos9> 

-  V3(D2sin9  +  S2cos0)  -  V4(D2sin0  -  S-jCos 0) 

"P12((S2"Sl)/2)  ‘P23(H/2“D1) 

+  P34((s2-si)/2)  +P41(H/2-D1) 


19  = 


These,  and  the  previous  equations  given  form  the  basis  of 
subroutine  TUMBLE.  The  routine  accepts  data  on  room  geometry 
(length  and  height),  story  height,  story  length  and  location  and 
position  (standing,  prone)  of  the  occupant  being  analyzed.  For 
a  given  blast  loading,  which  is  applied  as  described  previously, 
the  routine  computes  the  trajectory  of  the  occupant  keeping  track 
of  his  impact  velocities  with  horizontal  and/or  vertical  surfaces. 
These  velocities  are  then  compared  with  casualty  criteria  as  de¬ 
scribed  in  the  following  section. 

Figure  A. 6  illustrates  a  typical  output  of  this  routine.  In 
this  example  a  building  occupant  located  (standing) at  the  extreme 
end  of  a  room  having  a  length  of  60  ft  is  subjected  to  a  blast 
loading  at  the  8  psi  range  produced  by  a  1  HI  weapon.  Interior 
partitions  (see  Fig,  A. 6)  are  assumed  to  have  yielded  and  there¬ 
fore  do  not  represent  an  obstruction.  The  occupant,  subjected 
to  the  free  field  tumbles,  impacts  on  the  skull  and  comes  to  rest 
at  the  window  sill  at  the  opposite  end  of  the  room. 
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A. 3  CASUALTY  CRITERIA 

The  mechanics  of  people  translation  are  related  to  surviva¬ 
bility.  through  fatality  criteria  based  on  impact  velocity.  These 
fatality  criteria  are  incorporated  in  three  routines,  Subroutine 
IMPACT,  Function  HHT  and  Function  WBHIT.  IMPACT  is  called  by 
TUMBLE  whenever  the  trajectory  computations  indicate  an  impact 
has  occurred.  It  then  classifies  the  impacts  as  either  head  or 
whole  body  and  then  calls  either  HHIT  or  WBHIT  to  determine  the 
probability  of  mortality  for  that  impact. 

Because  of  data  limitations,  no  consideration,  at  present, 
is  given  to  nonfatal  injuries,  and  only  two  means  of  inflicting 
fatalities  are  employed:  fatal  skull  fractures  and  fatal  whole 
body  impacts. 

Every  impact  encountered  during  the  translation  and  rota¬ 
tion  of  a  person  is  subject  to  some  probability  of  mortality. 
Medical  data  from  Refs.  8  and  9  were  used  to  obtain  the  fatality 
criteria  curve  of  Fig.  A. 7.  .  Table  A-l  gives  several  points 
from  these  two  curves. 
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Table  A-l 


1 


IMPACT  VELOCITIES 

AND  PROBABILITIES 

OF  MORTALITY 

Probability 
of  Mortality 
(%) 

Head  Impact 
Velocity 
ft/sec 

Whole  Body 

Impact  Velocity 
ft/sec 

Mostly 

safe  0 

10 

10 

10 

13 

21 

50 

18 

54 

Nearly 

100 

23 

138 

-£ 
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With  the  rigid  block  model,  impacts  are  of  two  types:  either 
a  foot  impact  with  points  1  or  2  encountering  a  hard  surface,  or 
head  impacts  with  points  3  or  4  encountering  a  hard  surface.  A 
third  possibility  is  that  of  a  literal  whole  body  impact  occurring 
with  either  points  1  and  4  or  points  2  and  3  impacting  simultane¬ 
ously.  Thus,  the  model  being  a  rigid  block  admits  no  body  impacts, 
only  point  impacts,  and  a  means  of  distinguishing  between  a  head 
impact  and  a  whole  body  impact  becomes  necessary.  The  distinction 
is  tentatively  based  on  the  angle  of  impact,  so  if  the  axis  of  the 
rigid  block  is  less  than  10  deg  off  the  impacted  surface  whole 
body  criteria  are  used  to  determine  the  probability  of  mortality. 

In  this  case  an  average  of  the  normal  c.g.  velocity  and  the  normal 
head  velocity  is  used  as  the  impact  velocity  in  the  fatality  curves. 
For  angles  greater  than  10  deg  pure  head  impact  is  assumed  and  the 
skull  fracture  fatality  curves  apply  using  the  normal  impact  ve¬ 
locity. 

Impacts  on  the  feet  (either  point  1  or  point  2)  are  more  dif¬ 
ficult  to  handle  satisfactorily,  primarily  due  to  the  simplicity 
of  the  model  and  the  lack  of  biomedical  data.  Tentatively,  the 
following  approach  has  been  taken:  for  foot  impacts  where  the 
axis  at  the  rectangular  block  is  less  than  30  deg  from  the  im¬ 
pacted  surface,  whole  body  impact  is  assumed.  The  impact  ve¬ 
locity  is  taken  as  an  average  of  the  normal  foot  velocity  and 
the  normal  c.g.  velocity.  For  impacts  at  angles  greater  than 
30  deg  whole  oody  criteria  are  again  applied,  however,  the  veloc¬ 
ity  is  halved  For  the  purpose  of  reducing  the  severity.  These 
subjective  estimates  regarding  foot  impacts  are  being  used  until 
more  authoritative  data  become  available. 

In  all  impact  cases,  velocity  normal  to  the  impacted  sur¬ 
face  is  used  to  enter  the  fatality  curves.  The  effect  of  the 
velocity  component  parallel  to  the  i  ard  surface  is  not  known 
but  it  is  not  expected  to  be  as  critical  as  the  normal  velocity. 
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A. 4  SURVIVABILITY  IN  BUILDINGS 

The  rigid  body  translation  mechanics  and  the  impact  fatality 
criteria  as  described  above  were  used  in  developing  a  computer¬ 
ized  model  of  blast  translation  survivability  for  people  in  build¬ 
ings.  In  its  present  form  the  output  of  the  computer  code  gives 
expected  percent  survivors  in  the  building  for  a  given  free  field 
overpressure  and  weapon  size. 

Three  means  of  fatality  are  considered: 

(1)  collision  with  the  floor 

(2)  collision  with  interior  walls 

(3)  collision  with  ground  after  free  fall  from 
higher  floors  of  buildings. 

The  existing  survivability  model  operates  in  the  context  of  a 
given  single  room.  That  is,  it  uses  the  translation  model  in 
conjunction  with  the  fatality  criteria  to  estimate  the  chances 
of  a  man  surviving  a  blast  wind  in  the  room.  The  survivability 
function  for  an  entire  building  may  be  found  by  either  of  two 
methods.  First,  the  survivability  in  each  distinct  room  in  the 
building  may  be  found  and  a  weighted  average  used  to  estimate 
the  total  survivability.  Second,  a  representative  room  nay  be 
chosen  and  the  survivability  of  this  room  used  as  an  estimate 
of  the  entire  building.  Both  approaches  have  been  used,  how¬ 
ever  the  second  method,  because  of  economic  considerations 
(i.e.,  computation  time),  has  been  favored. 

The  survivability  model  operates  on  a  room  with  the  input 
parameters  as  shown  in  Fig.  A. 8.  The  length  of  the  room  is 
based  on  either  actual  length  or  a  representative  length.  The 
length  parameter  determines  where  the  back  wall,  which  repre¬ 
sents  a  vertical  hard  surface.,  is  located.  However,  if  the  over¬ 
pressure  input  is  such  that  all  walls  are  expected  to  fail  no 
such  vertical  obstruction  remains  for  the  man  to  impact.  In 
this  event,  the  man  can  be  blown  off  the  building  and  surviva¬ 
bility  depends  upon  surviving  free  fall  to  the  ground. 
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The  width  of  the  room  and  the  window  width  dimensions  are 
important  in  defining  the  shading  that  the  front  wall  on  either 
side  of  the  window  opening  can  provide.  The  blast  jet,  on  entering 
the  room,  is  assumed  to  have  a  form  as  shown  in  Fig.  A. 9  (Ref.  7).. 


| — -0 
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ww 

_ 1 

Horizontal  Plan 

* - £ - J 

* -  LR  - » 

Length  of  Room 
Width  of  Room 
Window  Height 


WW :  Window  Wid  th 
SH:  Sill  Height 

PB:  Failure  Overpressure  of  Front  Wall 


Fig.  A. 8  Reference  Room 


Fig.  A. 9  Assumed  Jet  Profile 


Persons  located  outside  the  blast  jet  are  safe  with  respect 
to  translation.  Thus  for  a  narrow  window  in  relation  to  total 
room  width,  considerable  area  of  the  room  may  be  unaffected  by 
the  blast  jet. 


The  exterior  wall  also  provides  shading  because  of  the  window 
sill.  The  shading  is  similar  to  that  provided  by  the  side  walls 
as  the  relationship  shown  in  Fig.  A. 9  can  be  applied  in  both  ver¬ 
tical  and  horizontal  planes.  Typical  sill  heights,  however,  are 
such  that  shading  is  provided  only  to  people  initially  prone. 

The  loading  of  a  person  inside  of  a  room  is  at  present  con¬ 
sidered  as  a  free,  field  loading  knocked  down  as  a  function  of 
window  percentage.  Figure  A. 10  shows  the  relationship  used  in 
function  KNOCK  to  modify  the  free  field  loading. 

This  is  a  temporary  measure.  A  blast  loading  routine  was 
developed  in  the  course  of  chis  study  but  was  not  sufficiently 
exercised  to  be  included  within  the  body  of  the  people  surviva¬ 
bility  code  described  herein.  The  new  blast  filling  routine  is 
described  in  Appendix  B. 


The  protection  provided  by  the  front  wall  depends  of  course , 
on  whether  that  wall  is  standing  or  not.  Thus  the  input  of  the 
expected  front  wall  failure  overpressure,  PE,  defines  the  upper 
limit  to  overpressures  for  which  occupants  in  the  room  can  re¬ 
ceive  some  beneficial  effects  from  the  wall.  On  exceeding  the 
value  of  PB  the  front  wall  is  "removed”  and  all  occupants  of  the 
room  exposed.  Figure  A. 11  shows  the  shading  which  is  included 
in  the  model  for  overpressures  lower  than  PB. 

To  estimate  the  survivability  in  a  room,  the  area  is  sub¬ 
divided  into  three  sections  and  the  rectangular  block  model  of 
a  person  is  started  at  the  center  of  each  of  the  three  sections. 
The  rigid  body  translation  model  is  called  to  execute  the  main 
trajectory  in  a  blest  wind  and  it  calls  the  fatality  criteria 
on  encountering  an  impact  to  determine  theprobability  of  mor¬ 
tality  for  that  impact.  These  probabilities  are  applied  only 
to  those  people  subject  to  the  blast,  if,  that  is,  those  per¬ 
sons  are  not  in  the  "safe"  shaded  areas. 
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During  the  course  of  the  rigid  body  displacement  several 
impacts,  each  with  their  own  probability  of  mortality,  may  occur. 
For  each  succeeding  impact  the  kill  probability  is  applied  to 
those  people  surviving  the  previous  impacts.  For  example,  three 
impacts  each  with  a  probability  of  mortality  equal  to  9.50  would 
result  in  a  (0.5) (0.5) (0.5)  =  0.125  probability  of  survival.  The 
final  probability  of  surviving  a  specific  translation  process  is 
applied  to  the  percentage  of  people  within  a  particular  section 
who  are  affected  by  the  blast  jet. 

A. 5  SURVIVABILITY  ON  UPPER  FLOORS 

In  tall  weak  walled  buildings,  typical  of  modern  high  rise 
office  structures,  the  blast  wind  can  be  expected  to  clear  each 
floor  of  ill  contents,  including  interior  partitions,  furniture 
and  people.  Lapending  on  the  overpressure  and  width  of  the  struc¬ 
ture,  the  percentage  of  occupants  which  will  be  swept  clear  of 
the  structure  varies.  For  floors  higher  than  the  third,  all  those 
people  swept  off  a  building  will  be  mortalities  because  of  the 
ensuing  free  fall.  With  the  assumption  of  uniform  distribution 
of  people  over  the  entire  floor  area  the  curves  in  Figs.  A.].? 
and  i. 13  were  drawn  using  the  rigid  block  translation  model. 

For  a  given  building  width  (range  from  40  ft  to  200  ft)  the  per¬ 
centage  Oi.  people  swept  off  the  building  for  a  given  overpressure 
may  he  found.  The  curves  show  that  the  initially  prone  people 
stand  a  much  better  chance  of  remaining  within  the  comparatively 
safe  structure. 

For  typical  high  rise  building  widths  of  60  or  70  ft,  an 
overpressure  of  5  psi  will  clear  ail  standing  ptirscnnel,  while 
an  overpressure  of  psi  is  necessary  to  clear  all  prone  per- 
s  onne 1 . 

These  two  set.s  of  data  are  necessarily  idealized  and  repre¬ 
sent  an  extreme  case  of  buildings  with  'weak  walls"  and  ignore 
the  presence  of  columns,  sills,  building  cores,  elevator  and 
stairwell)  and  possible  shear  walls. 
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A. 6  PROGRAM  DOCUMENTATION 
A.6.1  MAIN  Program 
A. 6. 1.1  Flow  Chart 


1  Initialize  Data 

{  for  Average  Man 


Input  Data 
for  Currant  Run 


.  Calculate 
Window  Percentage 


Echo  Print  Data 
and  Headings 


Divide  Room 

into  Three  Sections  [ 

Set  AFCTR  equal  to  1.0  ! 
for  Each  Section  « 


A. 6. 1.2  MAIN  Program  -  Dictionary 


Is  Free  ^x, 
Field  Overpressure 
^Greater  than  Wall 
Strength? 


Calculate  AFCTR 
for  Each  of  the  Three 
Room  Sections 


Call  KNOCK  for  Pressure  . 
'Reduction  Based  \ 
on  Window  Percentage  ; 


Call  TUMBLE  for  Each 
of  Three  Ream  Sections  - 
Average  Percent 
Survivors  for  the  Three 


Print  Percent  Survivors 


K3 


ADMIN 

ABMAX 

AIMAX 


minimum  drag  area  in  ft2 
maximum  drag  area  in  ft2 
lift  area  in  ft 
height  of  man  (ft) 

moment  of  inertia  of  man  (lb-sec2  ft) 
height  to  c.g.  of  man  (ft) 
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51 

52 
W 
KL 
KU 
MU 
KLW 
KUW 
MUW 
RUN 


distance  to  c.g.  from  back  (ft) 
c.g.  to  front  force  distance  (ft) 
width  of  man  (ft) 

loading  spring  constant  for  floor  impact  { lb/ft) 
unloading  spring  constant  for  floor  impact  (Ib/ft) 
floor  coefficient  of  friction 

loading  spring  constant  for  wall  impact  (Ib/ft) 
unloading  spring  constant  for  wall  impact  (Ib/ft) 
wall  coefficient  of  friction 
identifying  run  number 

standing  or  prone  code;  if  standing  I  CODE#), 
if  prone  ICGDE=0 

weapon  yield  in  MT 

free  field  overpressure  (psi) 

pressure  for  failure  of  wall  (psi) 

initial  time  step  (prior  to  first  impact) (sec) 

time  step  during  contact  with  either  floor  or  walls  (sec) 

time  step  otherwise  (sec) 

output  time  increment  (sec) 

maximum  time  for  trajectory  calculction  (sec) 

length  of  room  (ft) 

width  of  room  (ft) 

sill  height  (ft) 

window  width  (ft) 

window  height  (ft) 

room  height  (ft) 

percentage  windows 

angle  of  axis  of  man  to  vertical 

initial  angle  TH;  either  0  (standing 
or  1.57079  (90  deg) (prone) 

percentage  survivors  for  input  overpressure 

third  length  of  the  room  (ft) 

distance  to  wall  initially  (ft) 

fraction  of  area  susceptible  to  blast  (for  each 
of  three  sections) 

total  area  of  a  section  (ft~) 

coordinates  of  point  1  on  rigid  block  man 


137 


: 

| 


;g 

*0 

s 


AFCTR(l)  is  percentage  (expressed  as  decimal  fraction) 
of  area  of  section  1  affected  by  blast. 

AFCTR(2) ,  AFCTR(3)  similarly. 

This  is  calculated  by  expansion  of  jet  approximation: 
y  =  bQ  +  0.22  x 

where  y  is  half  width  at  any  point  and  bQ  is  half  width 
at  x=0.  If  man  is  initially  prone  further  shielding  oc¬ 
curs  because  of  sill  height. 

(5)  While  wall  remains  standing  (PO.LT. PBREAK)  shielding  is 
calculated.  Also  the  overpressure  is  knocked  down  as  a 
function  of  window  percentage. 

A. 6.2  Function  KNOCK  -  Dictionary  and  Notes 

X  window  fraction  as  input  to  function 
PO  outside  free  field  overpressure 

Y  knockdown  factors  for  each  tenth  fraction  windows 

XI  tenth  window  fraction 
YI  knockdown  factor  for  X 

(1)  Y  array  is  from  knockdown  curve  given  in  Fig.  A. 10.. 
y  values  are  factors  for  window  percentage  equals 

0. ,  0.1,  0.2,  0.3,  0.4,  ...  etc. 

(2)  Program  interpolates  input  window  fraction  linearly  be¬ 
tween  known  (Y)  knockdown  values  for  each  tenth. 

A. 6. 3  Subroutine  TUMBLE  -  Notes 

(1)  For  flow  chart  of  routine  see  Appendix  B. 

(2)  Differences  between  this  version  and  flow  charted  version 
are: 

plotting  option  removed 

Subroutine  IMPACT  called  to  determine  survivability 
A. 6. 4  Subroutine  PRESS J  -  Notes 

See  previous  documentation  in  Ref.  7;  no  changes. 

A. 6.5  Subroutine  IMPACT 
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A. 6. 5.1  Floy  Chart 


,  This  is  Whole  Body 
!  Impact.  Set  VWB 
| Equa 1  to  Average 
I  of  c.g.  and  Head  . 
.Velocities.  Cali  : 
!  WBHIT 

I 


vL. 


Enter  Impact  with  IMPACT  Code: 

I  =  1,2, 3,4 ,5,6, 7  cr  8 
IMPACT  Code: 

1.  back  of  head  on  wall  ; 

2  front  of  head  on  wall 
<3  back  of  head  on  floor 
;4  front  of  head  on  floor 
;5  front  of  feet  on  floor 
.6  back  of  feet  on  floor 
|7  back  of  feet  on  wall 
(8  front  of  feet  on  wail  j 

1  » 

_ _ i 


_ 


Write  Impact  Velocity  j 
and  Probability  i 

of  Mortality  ! 


Record  Survivors 
SURV-SURV-PMxSURV 


140 


.  A. 6. 5. 2  Subroutine  IMPACT  -  Notes 

(1)  This  routine  calls  the  two  injury  criteria  routine  WBHIT 
or  HHIT  depending  on  whether  impact  is  treated  as  a 
whole  body  hit  or  a  head  hit. 

(2)  All  foot  impacts  are  considered  whole  body  impacts,  how¬ 
ever,  for  impacts  at  a  sufficient  angle  to  the  impacting 
surface  (>30  deg)  the  severity  is  reduced  by  halving  the 
whole  body  impact  velocity.  This  procedure  is  an  interim 
one  until  sufficient  data  becomes  available. 

(3)  The  whole  body  impact  velocity  is  considered  as  the  aver¬ 
age  between  the  c.g.  velocity  and  the  impact  point  ve¬ 
locity.  411  velocities  are  those  components  of  total 
velocity  which  are  normal  to  the  impacting  surface. 

(4)  Survivors  are  recorded  by  successively  subtracting  the 
percent  killed  from  the  previous  number  of  survivors.  For 
each  new  run  the  TUMBLE  routine  initializes  SURV  to  1.0. 

A. 6. 6  Function  HHIT  -  Notes 

(1)  Mortality  curve  for  head  impacts  is  called  with  the  im¬ 
pacting  velocity. 

(2)  Curve  is  a  linear  interpolation  between  the  following 
va lues : 


23.0  100 


A .6. 7  Function  WBKIT  -  Notes 

(1)  This  is  mortality  curve  for  whole  body  impact  and  is  called 
with  the  impacting  velocity. 

(2)  The  probability  of  mortality  is  found  from 

Y  (probability  units)  =  -5. 155 +2.541  x  ln(v) 


A.6.8  Program  Listim 


The  following  pages  are  a  listing  of  the  FORTRAN  computer 
code  described  above. 


i 


3 
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4.7  ARTICULATED  MODEL 
A. 7.1  Introduction 

4  significant  refinement  in  the  rigid  block  translation 
model  is  the  introduction  of  neck  and  hip  joints.  A  computer¬ 
ized  model  of  this  articulated  man  has  been  developed  and  brief - 
|  ly  exercised  during  the  course  of  this  effort.  This  section  of 

)  the  appendix  describes  the  model. 

The  introduction  of  joints  at  the  hip  and  neck  has  greatly 
f  increased  the  ability  to  predict  the  nature  and  severity  of  im- 

|  pacts  and  to  identify  parts  of  the  body  subject  to  injury.  How- 

■  ever,  since  computation  time  has  increased  by  several  factors 

1  over  the  simple  rigid  block  approach,  this  model  at  present  re¬ 

mains  only  a  research  tool. 

A. 7. 2  Description 

i  The  articulated  man  consists  of  three  links  representing 

I  his  lower  limbs ,  trunk  and  head  with  hinge  points  at  their  junc¬ 

tion.  Figure  A. 14  shows  the  model  at  some  general  position  with 
appropriate  data  based  on  values  fora  ’’typical" man.  The  hinge 
points  at  the  hips  and  neck  are  not  completely  free  to  rotate, 
rather  they  have  associated  with  the  restraining  moments  M3  and 
MS.  The  value  of  these  resisting  moments,  1*0  and  M5,  for  the 
hip  and  neck  joints  respectively  are  chosen  as  functions  of 
angle  in  Figs.  A.  15  and  A. 16.  The  data  for  the  hip  joint  was 
found  in  Ref.  9  while  Ref.  10  had  the  neck  rotation  data.  These 
relationships  between  moment  and  angle  are  at  best  crude  estimates 
of  the  response  of  the  joints. 

As  more  realistic  descriptions  become  available  these  will 
be  incorporated  in  the  model. 
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M,6 


P  ©ToP  of  Haad 
©c.g.  of  Head 


'Neck 


7Y/q±.%. 


©C  .  g .  of  Trunk 


Ji  4/182 


(T)  c.e.  of  Lover  Limbs 


W6  *= 
12  = 


14  = 


L3  « 
L4  * 
L5  * 
L6  * 
L7  = 


Data 

56.92  lbs 
96  69  lbs 
11.39  lbs 
1.67  lb-£t>sec“ 
1.14  lb-it-sec2 
0.03  Ib-ft-sec2 
1-83  ft 
3.01  ft 
0.99  ft 

2.01  ft 
0.37  ft 
0.75  ft 


©F 


ri£.  A.  i'»  A.  cicuiated  Han  Model 


curve 


Moment:  MS  for  Neck  Rotation 


Lower  Limbs 


(1)  FH1+FH3+H3  =W2/g  x2 

(2)  FVl  -  W2  +  FV3  +  V3  =  W2/g  y2 

(3)  -FHl-L2-cos92  +FVl*L2*sin82  +H3*  (L3~L2)  -cos92  +FH3- (L3-L2)ccs&2 
-V3  *  (L3-L2)  -sin82-FV3-  (L3-L2)  *sinS2  4- M3  =  12-92 

(4)  x2  =  L2-sin92  + xl 

(5)  y2  =  L2*cos92  4-yl 

(6)  x3  =  (L3-L2)  -  sin92  4-  x2 

(7)  y3  =  (L3-L2)  - cos82  +  y2 

(8)  x2  =  L2  -  $2  -  cos92  +  xl 

(9)  y2  =  -L2*92  sin92+yl 

(10)  k3  =  (L3-L2)  92  ^os02  4 

(11)  y3  =  -(L3-L2)  92  sin82  4-y2 

(12)  x2  =  L2  * 92  cosS2  -  L2-(82)2  sin92+xl 

(13)  y2  =  -L2-92  sin92  -  L2-  (92) 2  cos02  4-yI 

(14)  :<3  -  L3-92  ccs82  -  L3-  (82) 2  sin82  4-xi 

(15)  y3  *  -L3’92  sic»2  -  L3*  (92)2  cos92  4-yl 
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(16)  -H3  +  H5  +  FH5  =  W4 /g  x4  I 

,  -  | 

(17)  - V3  -  W4  +  V5  +  FV5  -  W4  /g  y4  f 


(18)  H3*U-cos04  -  V3*L4*sin04 -M3+K5*(L5-L4)*cos84+FH5*(L5-L4)  | 

•cos04  -  V5* (L5-L4) *sin84  -  FV5(L5-L4) *sin04  +M5  *  14*04  | 

(19)  x4  =  x3 +L4*sin04  \ 

(20)  y4 -y3  +L4*cos94  | 

(21)  x5  58  x4  +  (L5-L4)  *sin04  :l 

(22)  y5  =  y4  f*  (L5-L4)  •  cos04  | 

(23)  x4  -  x3  tL4*04  *cos94  j 

'  % 

(24)  y4 = y3  -  L4*04*sin04  4 

(25)  x5  = x4  + (L5-L4) *04 *cos04  f 

(26)  y5  =  y4  -  (L5-L4) *04 • sin04  | 

■-» 

(27)  x4  =  x3  +  IA*04  cos04  -  LA*  (04)^*sin84  .1 

’■S 

(28)  y4  ® y 3  -  L4 • 04  sin94  -  L4 * (94)  ^ • cos@4  % 

(29)  x5  =  x3  1-  L5  *04  cos04  -  L5*  (04)^*sin04 

(30)  y5  =y3  -  L5**04  sin94  -  L5  *  (04)2  *cos04  1 
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(31)  -H5  +  FH7  =W6/g  x6 

(32)  -V5  -  W6  +FV7  =  W6 /g  y6 

(33)  K5*L6*cos96  -  V5 *L6*sin06  -  M5  +FH7(L7-L6) -cos06 
-FV7 • (L7-L6) *  sin96  =  16  *  06 

(34)  >:6  =x5  -t-L6’sin06 

(35)  y6  =v5 -t-L6"COs96 

(36)  x7  = x6 4  (L7-L6) -sin06 

(37)  y7  =  y6  +  (L7-L6) ♦ cos96 

(38)  x6  =  x5  +  L6  *  96  •  cos96 

(39)  y6  = y5  -  L6*86'sin06 

(40)  x7  =  x6  4-  (L7-L6)  *06  •  cos06 

(41)  y7  =y6  -  (L7-L6)  *06-sin06 

(42)  x6  =x5  +L6-06*cos06  -  L6-  (06)2*sin96 

(43)  y 6  =  y5  -  L6 •  *06  sin96  -  L6- (66)2-cos06 

These  governing  equations  can  be  reduced  to  3  set  of  19  simul 
taneous  equations  in  19  unknowns,  the  unknowns  being  the  accelera¬ 
tions  and  the  reactions  at  the  hinge  points. 

Unknowns :  *xl ,  yl ,  x2  ,  y2 ,  x3  ,  y3  ,  x4 ,  y*4  ,  x5 ,  y5 , 
x6 ,  y6 ,  92 ,  94,  96,  H3,  V3,  H5 ,  V5 

The  equations  may  be  expressed  in  matrix  form  as 

(elk  ~  [ R  ]  where  the  matrices  C,  A  and  R  are: 
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A. 7.4  Results 

In  the  brief  exercising  that  has  been  done  with  the  model, 
a  number  of  observations  were  made.  It  was  found  that  it  is 
now  possible  to  identify  different  parts  of  the  body  for  impact; 
that  is,  impact  on  the  head,  shoulders,  thorax,  hips,  and  legs 
can  be  distinguished  along  with  associated  impact  velocities. 

Thus  as  data  on  the  severity  of  various  types  of  impacts  become 
available,  a  reasonable  estimate  of  injury  or  fatality  can  be 
made. 

Figure  A- 17  shows  a  sketch  of  two  different  runs.  Both 
cases  have  a  loading  of  0.75  psi  applied  horizontal  on  projected 
area,  similar  to  a  steady  dynamic  pressure.  In  the  top  ease  the 
load  is  applied  on  the  upper  part  of  the  tan’s  body,  simulating  a 
man  standing  behind  a  window  siii.  The  lower  case  lias  the  load 
applied  over  the  entire  projected  area. 

In  the  top  case  the  first  impact  is  on  the  head  a::  12.3  ft/se 
followed  by  an  impact  on  the  shoulders  at  S.4  ft/sec.  The  lower 
case  is  the  more  interesting  withs  shoulder  impact  of  10.7  ft/sec 
immediately  followed  by  a  head  impact  of  20.8  ft/sec,  which  is 
nearly  100  percent  fatal.  In  other  words,  after  impacting  on 
the  shoulders,  the  head  swung  with  much  greater  velocity  into 
the  floor.  A  rigid  block  model  would  result  in  an  initial  head 
impact  of  approximately  13  ft/sec  which  has  very  little  chance 
of  causing  fatality.  The  introduction  cf  the  two  hinge  points 
resulted  in  greatly  differing  survivability  estimates. 


<f\*v  if- 


DATA  ApH!N,ADMAX,ALMAX/i.2,9,0i2.5/ 

DATA  WT,  H»D1«S1,S2,W/165, ,  5, 77,3, 2,0,29, 0.625, 1,56/ 

REAL  KL  /165000./.KU  /1650,/,Mg  /0,25/ 

REAL  KLW/165QOO./|KUW/165C,/iMUW/0,25/ 
real  lr,ls 
real  knock 
real  1/8,58/ 

INTEGER  RUN 
DIMENSION  AFCTR(3) 

C0rtM0N/8L<i/Xl, Yl, X2i Y2,  X3,  Y3»  X4, Y* 

C0MM0N/BL<3/  wT, 1 , H, D1 ,S1 , S2, W 
C0MH0N/8L<A/  *L»  KU, MU, KLV, KUW, MUW 
C0MM0N/BL<5/  AOMIN, ADMAX, ALMAX . TH 
C0MM0N/BL<6/  DT!,OTC,DTF,DTO,TF 
C0MM0N/3LK7/  SURy 
1  READ* 5, 10, END* 100)  »UN,ICODE 
READ* 5, 11)  YIELD, ?0,P8REAK 
READ*  5, 11 )  DTI,OTC*OTFiDTO,TF 
READ*  5. 11 )  LR,WR,SH.WW,WH,RH 

10  F0RMAT(2I3J 

11  FORMAT ( RF1G, 0 1 
PWIs(WW*KH)/(WR»RH)»130t 
1*4*0, 

HO*TW 

W  R I TF  ( 6 « 5 )  RUN 

5  r 3RvAT( *  1  RUN  NUMBER* , 13// ) 
wSITE(6,6)  YIELD, PO 

6  FORmat<*  YIELD?  * ,F6»1, *  FREE  FIELD  OVERPRESSURE? * ,F5,i) 
WRITE{6,34)  PRREAK 

34  FORMAT* »  EXTERIOR  WALL  FAILURE  PRESSURE?  ’  ,F6. 1, »  PSH) 

IF?  !C'U)E.t3«C)  GO  TO  3 
WRITE*6,75 
GO  TO  33 
3  WRITE(6,8J 
T  4*1 ,57077632 
T*0*TM 


7  FORMAT*  /»  MAN'  STANDING*) 

8  FORMAT* /•  man  PRONE*) 

33  WRITE *6, 9)  tR, WR,SH, VW, Wh,RM,PWI 

9  FORMAT*//*  ROOM  LENGTH  *FT>  *  ,F10,?./’  ROOM  WIDTH  (FT)»,F10*2/ 
1  ’  SILL  HEIGHT  (FT)’,FlO,2/«  WINDOW  WIDTH  CFT)’,F10.2/ 

2’  WINDOW  ^EIGMTIFT) * ,Fio,2/*  ROOM  HEIGHT  (FT)*,FlO,2/ 

3*  PER  CENT  WINDOWS  ’ , Flo , 2// ) 


WRITE*  6, 22)  DTl,DTC,DTF,DTO 
22  FORMAT*/’  DTI  (SEC? ',F8,4/’ 
1  •  OTO  <SEC)»,F8,4/ 

WHlTEC6,l3)KT,KLi  H»KU* 

1  J,MUV,AL'*AX 


»TF 

DTC  (8EC>'fF8'4/'  DTF  (SEC>f#F8,4/ 

»  TF  (SEC) * ,F8,4/> 

SI, HU,  S2,KLW, ADMIN, Dl,KUW,ADHAX, 


13  FORMAT*// 


1’  WEIGHT  *LSS)  ' ,F8 , 2i 4X’KL  (Lfe/FT) ' #E8,3/ 

2’  HEIGHT  *FT)  *,F8,2»4X»KU  * LB/FT)*, £8,3/ 

Si  (FT)  * ,F8,2,4X’MU  *»E8,3/ 

41  s?  <FT)  ’»F8,2.«X’KLW  ( Ltt/FT) *  *E8 , 3, 4X  *  AOMJN  (FT2>‘,E8,J/ 
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m 


-  -  -  —  - - - -  -  •—»  --• — — a»* - -««■. M^aasOXSSStX^^^^SS^^^  <3 


•,F8,2,4X*KUw  tuB/FT>’,E8,2.4X*ADHAX  (KT2) * ,h«. 3/ 
)*iF8.2.4X,KUW  6#E8i3.*5X*  AL^AX  (PT2)  • ,  t8,3/  ) 


5*  Di  »  pT )  *  »F8 , 2#  4X*KUw  t uB/FT) ’ # E8 , 2. 4X • / 

6'  I  { LB  Sr.C2  FT)*iF8.2.4X'KUW  6  #  E6 , 3.  4X » 4 

SAVEsO. 

XA=LH/3, 

X»sj,R/6  < 
t-sC,44»XA 
•T-  12  K*l,3 
:  AFC7R(K)=1. 

Ic(  PO.  G7. 3ei<tAK}  GO  TO  EG 
D  *  UP*  I /lOO. 

F  Jsif\0C«(P)f!»P0) 

c-*  =  «?W 
A=x£*VR 

D  ’  2C  JS1»3 
p  V=?  V+LS 

!p(PW.ftT.4R)  r.o  TO  35 
A-E  = { Fi*'*c* }*X£/2, 

A^CTSf  A-JlsARt/A 

c-'scu 

GO  TO  37 

Xf.s(  W^-*?W  J/O .  J4 

A 1  =  XL* ( wR*o* }/2» 

A?=*R«(XA-XE) 

ArCT»l4-jl=l A1*A2//A 
!F(TH,L£.~,  )  5C  TO  50 
40  wSl»3 
l«s  j*yA-$  H/p.22 
!rf P.CT.O. )  00  TO  <i 
AFCTQM-jJsAFCT  ni4-J}-*—Y*/} 

c'\t:vue 

:•  .  TG  55 

A<rC^P(*-j)  =  AFCTc(4-j}-<XA-a)*WW/A 

05  70  Jj*l.? 

T  -fiTHC- 

a!:*  . 

VisC31*SS>*PlMTH) 

CAU  TUM.B^£{t>r,YlCU\x«) 
x  »'sXk*C,35333''*LB 

54V£  =  5avE*33.  ',.3333*(1,-aFcTR{  JOJ^SURV*AFCTR(  jj' ) 

*'r^  I TE *  6*  4  7  }  s«  VE 

FOR^aK/*  Av£r:*G£  PFP  CEfcjT  SURVIV0R.5I  *  »F6,1) 

GO  TO  3 
SrO» 
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REAL  FUNCTION  KNOCK(X,PO) 

DIMENSION  Y<11) 

OATA(Y<  ! >, Islill)/0i  i  ,474,  ,704#  ,807.  .867,  ,9C4»  ,933#  ,955>f  ,978#  ,989 

1  1,0/ 

DO  1  1=1,11 
X!=FL0ATM-1)/1P, 

J*I 

JF{ x«-X  J )3#  2, 1 

1  CONTINUE 

2  Yl*Y{ J) 

GO  to  4 

3  YI*Y( J>-lD.»<y|-X>»(Y(Ui-V( J-D) 

4  KNCCK*Y!*°0 
RET'JRN 

end 


S'JBsouT ! Ns  TUMBLE < PO, YIELD, Xw } 

C  ‘)M«0N/SL<1/  XI .  Y1 .  X2 1 Y2 . X3 # Y3  # X4 #  Y4 

COMVON/BL<2/  X01.YDl,XD2.YD2,XD3,Y03,XD4.YO4,XO»YD 

C3MV0N/«L<3/  *T, I.H,Dl,Sl#S2,W 

CnMKQN/3L<4/  *L»KU,MU#KLW,KUW,Kt/W 

C3MK0N/3L<5/  ao^1n,£OMAX,4lMAX#TH 

C0MKQV/BL<6/  JT! #OTC,DTF,OT0,TF 

CD>!“0N/aL<7/  SL,:?V 

REAL  ! .  KL #  KU,  f  klW , KUW ,  MUW 

YR=G, 

SURV*1.G 

T*0, 

TC=T 

T0=T 

!°=C 

I F< TH, GT , 1 , 5  Id=l 
J3  =  i 

L3=C 

xo*e, 

YO=Cc 

TwD*0, 

V=0, 

D7=DT I 
5=W/2, 

CALL  PRES5j(PC,viELDtPT,V0,S,PR.TS,PS,T8,PB,Z) 
X*X1*S1«C0S(Th)*D1*SIN(TH) 

Y=D1«C0S(  Th)4-52*SIN<Th) 

TO*CSl*S2)/VO 
5  ST«SIN(TR) 

CTsCOSCTH) 

D2«w-Oi 

Xi*X*Dl«$T-Sl«CT 

X2*X-0l*ST*S2«CT 


..  y.vi** •>  « v-ft -w 8?, ■ » ■ .  " wsf*t> . <?w '  P ‘.W !. 


■o'.':  -  '■•  -’■  ■->  >  -V'"  -  -<  ~~  - 


-  ^  ~  a -ill  C.J  ■_ 


X3=X*C2*ST*S2»Cf 
X4=X*D2»ST-S1»CT 
Y<sY-Ol*CT*Sl"ST 
Y?*Y-ni*CT-S2*ST 
Y3*v+D2*CT-S2*ST 
Y4sY+f52*CT-«-Sl*SY 
X^lsX^+THD* ( -DI»CT+51*ST ) 

X"»2*xn^T«3»  t -0l«CT'S2*ST ) 

>^3*xn<>TM3*(+C2»CT-S2»ST) 

X^4=XD*THD*  t +r‘2«CT+Sl*ST ) 

Yr>lrYr>-HH3>{^3i«ST+Sl*CT) 

Y”2* YP+TH3*  ( +0i*ST-S2*CT ) 
y::  J*YO  *•**■»■>*(  -r-2*ST-S2«C7  ) 

Y34*Yr>^TH3«{-D2*ST->-Sl«CT  ) 

I^Cf  ic.CT,0}.ANv:*<{v3,LE,YR),OR.lY4,Lf:.YR}))  GO  TO  101 
JF{ I8.GT.3)  GC  TO  IC2 

IcC(Y3.G7.YR>fAND.lY4,GT,YR>)  GO  TO  1C1 
»-iITL<6,30: 

5C  F0RvaT  HEAD  contact  WITH  HORIZONTAL  SURFACE) 

!F( ( Y3.LT.YR) , AND. ( {Y4.GE,YR}.0R,<Yn3.LE.YU4)>)  GO  TO  23 
V'4  =  {  Yr.4«*?-XU4«*2>**.^ 

**?!tE  C  6, 20  >  Y04,y4,XD.YO*THO,V 
CALL  IM?ACr<3) 

?C  format  <  /  /33*'  NORMAL  HEAD  CONTACT  VELOCITY  •E1Q.3/33M  TOTAL  HEAD 
1  CONTACT  VELOCITY  =£13,3/33*  HO»T2CN7al  C  g  contact  VELOC l TY*El 
20.3/33K  VERTICAL  C  G  COMaCT  VELOCITY  =E1C.3/33k  ROTATIONAL  CONTa 
3CT  vtLCC I Tv  SE10.3/33H  RESULTANT  C  G  CONTACT  VELOCITY  s£lD,3) 


»■  TO  id 

-3  v:'  =  ?Y..3»«2*-L3**2J*«,3 

*  ■>  I T  c  If-. >3)  Y.j?,v3,Xr‘-.YU,T*Dr  V 
C:lL  ! mp  a C i ( 4  J 
;  '-i 

GO  TO  ICi 


1-1  Ir(  ( wB .  GT 1 0  > .  ^ N'T  e  <  ( Yi ,  t,E  .  YR )  ,  OR  .  ( Y2  •  LE  t  YR  >  J  >  GO  TO  103 
!r(JB,GT.0>  GO  TC  1C4 

ir ( ( Yj , GT, YR } f  ANO, t  v2. GT , v^) j  GO  TO  1H3 
*->iTE(*,37> 

J7  F‘iRvAT  l//J7»  FOOT  CONTACT  WJTM  HORIZONTAL  SURFACE) 

IFf (Yl.LTlYH>,AND,{(Y2.GE,Y«I.0R,(YDl,LE.Yu2>>)  GO  TO  *1 

V2=(Y02»'»2+X02**2)*»,5 

4=1 't  (6.33)  Y02»v2f XOiYD»THD» V 

Uu  !M>aCT{3) 

33  format  {//33«  NORma t  FOOT  CONTACT  VELOCITY  =£10,3/33 H  TOTAL  FOOT 

1  CONTACT  VELOCITY  =E10,3/33H  HORIZONTAL  C  G  CONTACT  VELUClTY=tl 
20,3/ 33H  VERTICAL  C  &  CONTACT  VELOCITY  *ElO,3/33h  ROTATIONAL  CONTA 
3CT  VELOCITY  =ElO,3/33H  RESULTANT  C  G  CONTACT  VELOCITY  =ElO,3» 
0^=1 

GO  TO  103 

*1  V1*(Y01«*2*XD1**2>*»,S 

•  RITE  ( ft j  38 )  YD1«V1«X0* YO* THQ.V 
CALL  IMPACT C  7) 
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J-iSi 

G*'  TO  103 
D*  J3*0 

113  !F<<K3.GT,0>.ANir.(CXj.GE,XW)tOR.(X4,GF,Xw>))  Go  TO  1Q5 
lc(  <8  ,GT,  G  >  GO  TO  106 

Ir((X3,LT,XWj,ASD.CX4fLT.XW)}  50  TO  105 
*-!TE  (6, 3D 

H  Format  {//35m  HFaD  CONTACT  WITH  VERTICAL  SURFACE) 

JF ( tX3«  GY. X*) , AND, ( ( X4.LE*  X« ) • GR» (  X~3i GF . X0< ) ) )  TO  32 

V*sf  YD4**2*X04**2)*»,5 

KITE  (6,20>  XDA.V^.XO.YQjTHD.V 

call  ihpactcd 

K-Ts! 

G-1  TC  105 

'2  Y3=  { Yf‘3**?*XC3**2)**  ,  5 

»-*iTE  (6,2C>  X03,v3,XCfY0, THD,V 
CAL.  I«PA:T(2) 

K^S 

C*  TO  105 
1“6  <•*  =  “ 

lr5  IF ( f L^.GI .u> • ANC. { (xi.GF.XV) ,CR. (X2.GE.XW) ) >  Co  TO  33 
I  ■  (  ^8,  CT.  'J  )  G"  TO  107 
I c  (  (X1,LT ,Xw  } ,  a\*d ,  (X2.lT ,Y(rf) }  GO  TO  23 
••Rite  i6»34) 

*4  C  <//35H  FOOT  CONTACT  WJTH  VERTICAL  SURFACE) 

Ir( ( XI . ST  Px* ) , A*  C, ( ( X? . U£, XW) .OR. (  XPi ,G£  .  X02)  )  )  GO  TO  35 

.'2=  f  Yr2»*c-  XD -s*2 )  •» .  S 

«  • :  TE  .'6.351  \L2»v2»yO,  •'O.THu.V 

C'-Uw  I«PACT(6) 

w3=l 

O'*  TO  33 

35  vi  =  » Yr'l**2-»x.Ji>*2)*«,5 

-RITE  (6*38)  xul »Vl*xn,YO,TH,v 
CaLL  t*PACT(5> 


G  *  TC  23 
1  L  '  =  ? 

S3  T-CT.lTDC;  G-  TO  1 
v'ls(X01»«?-*Vvl*»2)*«  *5 
V?S  *  xn?«*  ?«-YU?**2  >**  .  5 
V3*(XD3*»?*Yr 
V4s(X04««2+YD4»»2>**,5 


^»>3I  T£  (6.6)  T,XO,YO/-THOi  V»X1*X2.X3»X4»  YlfY2,  Y3*  Y4,XDl»XD2,XD3iX04, 
1  v“l ,  YH2 ,  YD3,  Y04  t  VI .  V2r  V3 .  V4 

6  ^IRv.atc  7/Eh  ,  3. 4EiO*3//E2l » 3*  3E1Q « 3/E21 « 3 t3ElO , 3//( t2i  »3|  3E10 ,3) ) 

I  -  ( V  .LT.5.  .AJO.T.GT.  .5)  GO  TC  19 


TnsTO-DTO 

?  Ic ( 5‘JRV *LE  .0  ,  t?  5  GO  TO  19 
’.^(T.Lfc.TD+TS)  GO  TO  10 
YlT*Yl*vOl*OT 
Y2T*Y2*yD2*CT 
y3T*Y3tyD3*Ot 
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y<T=V><*vD4r,D? 

XtT*Xi+XDl*ST 

X2?x¥.2+XQ2»~'! 

X37SX2+X03*C-T 

X*T=X44XC**07 


07=07? 

Z0*  TO  IS 
9  0~='7C 

?G  I '  <  T  .  GT  .  T-  i  Ov!  TC  15 
r Ss?-X/>*C 

CiLi.  Prtn£SD(ar,7fi,XD) 

P~  =  j44.*QT«f  A&ft;nr*-i4wK*X'AD«»N}*(5!M7«-l,!>70?963J  ?**?! 
Pi  =  l4<..S?*^U‘1Ajf*£l'i{?»^T^3,i41i>9£7} 

{,v  70  *4 

C&Lw  P»FSS(f>i,TP> 

Li  r- =r-x2/vr- 


j-*TP,l?  •  70^72  ;•  GC 

70 

15 

CliL  PRESS'  P2 *  7*-  ? 

i? 

TPaT-X3/V? 

|F< yo.uT. *Wri  CC 

TG 

i*' 

CAUl  °RrSh»'P3,  T-  } 

u 

lFzT~yiS/yZ' 

IF<tf  ,LT,  rs;  oc  72 

17 

£*i _ c‘>?£S5i  ?4,TP: 

t'*  ?0  1“ 

>  1  n<:;' 

i  -{  7F ,  5£  .  -2 . 1-  Pl=PS*iFS-Ph)*{  TS^Tp  J/7S 
2"  TC  11 
<?•  P’  =  C. 

;:(TF,GF.rc)  P^s;  TP-70*P3/TB 
1'  TO  12 

*  t  P  3  =  ~  , 

!c(  TP.Gc.  *C)  °32C  TP-TD/«Pr»/Tb 
3*  TC  12 
l7  -<sp. 

Ir(T?,GE.3, J  PksPS+{pR-pS)»(T3-Tpl/TS 

P>  3s7?.«i»2*e3}»»‘«H 
^ 2^*72, • «. 01+P*  J*w« ( Sl*S2 J 
P4i=7?,*C34*Pll»W*rt 
\ 

*  ~*r. 
v**C. 
y  <=r. 

*  “  C  £  Vl , LT .  YP ) ,  A-V&,  ( YL'l  1 1  £ .  0 «  )  >  Vi*~KU  *(yi'»y£?i 
Icf  c  YJ  ,  YP) ,  A\iDt  V  Y01 ,  GT|  0*  1 ;  Vi*-KU  *JYl-YR) 
!^(  {  Y2  »LTi  VRJ  ,*^Dt  C  YD2»L£,  q  ,  j  j  V2*-»<1.  »(Y2-YR) 
]M  C  Y2.  IT ,  YR } ,  4*i0,  (  YD?.GT«  0 .  ) )  V2«~<U  »(Y2»vR) 
i ”  ( (  Y2 .  LT  i  yR )  i  A-^D « i  Y02 •  LE ,  Q .  )  J  v3**Kl  *t  y3*yr) 


»-a~5£r5t 


H1  =  0, 

«?*r. 

^5=r, 

«4  =  o. 

Ir(fXl.CT,X'*), 

!  Cf  »  v^  ^ t-  «/•«  % 


A*iDi(X01.GT,0.  )i 

4  4  ft  #  Vf\  A  Am  m. 


r-«:»  <T;.} 
=CC«CT  -> 


—  'W«  *  4  •  *  *  \J  '  J  j 

A  VO,  (V04.fvt,0.  >  i 


V3*-<i;  -(V3-YR) 
V4*«XL  s(Y4«-YRJ 
V4»-Klj  *(Y4-*RJ 


H2«KtW»{X<-Xk) 

H3*KLk«lX3-XW) 

H4nKtW*£X4-XW) 

Hi»KUk«(Xl-XW) 

H2*K«'w*(X2-XW) 

H3*Kljk*CX3-Xk) 

H'4*KUV*(X4«?XW; 

Wl«MU  •Vi*XDl/i8S(XUl) 
^2=yv  *V2*XL'2/ABS  ( XU? j 
W3=N>;  ♦V3«<D3/igS{X03j 
H4*MU  •V<»XD4/4tiS(XU<} 
Vl*-HU‘-<»Hl«YDl/*BStYyi> 
V2c~M(ju*M2«r02/*BS(Y02} 
V2“-*UW**3*''D3/A6S(  Y03) 

V4s~MiJirf*M4*YD4/ABSf  Y04) 


1  J'r  ! f  xl '  *  //'"l ! #*  ^D'^2  -H?-W3-W4*Pj?*ST*P,\S»CT-P3«»ST«r«X*CT ) 
><tV^rv2"v3+V4<,pi2#CT^3#s'-P34.c7-p4jisrIw 


*  ^=xl»4L»T*xDD 
V,-ryO>DT«YOC 
T’-'Os  JhD*OT  *TK'C 

./*  {  y0o«2^v0**^  )  y* ,  ' 

*'  =  x  +  OT*x'D 
v  =  y«.DT»YD 
T',-Tk.»(;T»THD 
S:  TO  5 
i?  :">=»«) 

*  ^  i  »  6  j  3C*0  J  5 ? i  IjtWV 

-"'C  =-  o-V7'  Suav!W!l-iTV  PSI*'.F6.J//1 

.  J-T** 

£.  .9 


_ ....  .. .  w  .»*.  ...  vs> , . „ . . .  .  -  .-w>.-  V^iAitW,i.ulx,U.i  ‘J  A.-  V W  *MT*«  fJt'u  t  i/tV*  WiCft^AYfWMY,  .^uVf^ifr  A.X.y/tfcfrW-*1  foHi 


c 


S  JE3SU?  i  PRE  SS  PO,  Y IFLO .  Tc  *  VO.  5*  PR ,  ?S,  PS,  TB,  Pb,  £i  1 


V-'  IS  TmE  Specie  VELOCITY  AIR 
C  S  IS  ?*>  *‘JSi'£*CE  for  CLEARANCE  Of 

C  F9  Is  r«E  REFLECTED  OVERPRESSURE 

C  is  TW£  TIKE  OF  i» CREASED  OVERPRESSURE 
C  PS  IS  TR£  OVERPRESSURE  AT  TIKE  TS 
C  Ts  T*£  TJK£  F OF  PRESSURE  SUILOOP  SERINS  P-^TE 
C  F*>  IS  TWE  OVERPRESSURE  AT  TIHF 
C  3  IS  TRE  PEAK  DYNAMIC  PRESSURE 
C  V£  ! b  T^E  PEA<  a  IP  VELOCITY 
r 


i  '  ACc  on  Fus1 


TB 


C!Nf  .\sinf.  ,rcy  I*.}  ,C2i6,l3i  ,C3(6,lO; ,  V(  13  If  Cl 

it  6« iQ2 
0  A  T  A  £  K I  ’C 

»-j*YA(KI  Ot  2i  J2  :  1  #  5  )  /  i  j  i  ,  2 »  2 1  1  / 

CAT  A  CM  VO*  3*  Jl  1»  i*?/ 

C5Ti(  K»m:f  < .  .  Jsi,  ?)/i.t  ,  c.2, 1.2*  1/ 


-*“T  J  (  K1  v(Jf ;  i  J!  i  v1 5.  <21/1.2/ 


CATM*!*DU,wil,  1,2, 1,1.1/ 

.^T A { \RA.NGE {  :>.!=!, 65/8,5,3. 7,2. 6/ 

DATACP<1.  J),  J=i,B)/2 ,  c  i.5<  .35 ; ,  73, , 220.  .300, .  9QQ. ,  2003,/ 

D/T*(**!2.  J).  J=1.5)/?,,9.8,30c.l50O,,4n00,/ 

C'TA(F.3<  -•)»  ^=1,8  5/2,  ,3.,?0.  ,30.f  lOO.  ,300,  ,5u0tl£C0C,/ 
wi^A(F(4, jj, ^=l,7}/2. ,22. ,40. <110.» 2dr,,l70G, #5000,/ 

UiTACF(5r J5< J=l,2)/2..200,/ 

CiTAtoffe. 6)/2.  ,10.  ,30,  .200,  ,500.  ,«00C,/ 

DATA ( Cl 85/, 94127992, 1,1*28274, 1,0832833, -2, 1696237, 10.63 
t 3 7??< -3. 5^15442, 3«, 497531, 57. 468645/ 


2.  «i)  .J*3 .5,/, 0739ic3fc,  ,10^57667,-4,4409313,23.4900111  ,  *5199 


DiTM  Cl (3, Jl <  J-l , R  »/. 5  25, -2. 3415881, ,35607453, ,34285702,-9,269/949 
I»  ~,004G68/»  <  7~43<693, 68. 131084/ 

v.  *14(0114, JJ.Jsi-7)/,  2552i  219,  .  44409685,6 , 8634444,-24,211087,1 , 389 
l^\8,iC,9S*4j»6,  .  ££853424/ 

C4TA(Ci(5? < J*1 ,2)/. 02446584, .14166432/ 

D  «T1(  Cl£  6,  v, 5  »JS  1.6 5/4,3237673, 5,2668309,3, 4742932,  .42904353,  ,32706 

17 '3.  .89097937/ 

OiTA(C2(l,v-5.J=l  .5  5/ -,06469880.  <•,  14275098,-,  11757965,  1,0499078.  ••  6 

1  0  3606-5 8, i,36l 74 50 1  -  ,  80154 185, -,85425206/ 

i  t -I*lC2(2'  J)  .300739*5, 1,3737287  ,-6,i  H2363,-,  121 

CAta(C2(3.J).J=1,8}/i( .1,5032479, ,34469537. -.42775009, 3, 7176161, , ft 
i;-76£94, ,19598924.-15,363012/  J 

0m(C2{4,  />» J=l»  7)/,  34374251,  .  1693199, -3, 7469502, 9 , 1911457  ,  ,  05549 
1113,-5.0649923, ,67807190/  ’ 

CAT*(C2t  31  J>  »J- 1.2}/,  ?2?-26899,<»l,  0923874/ 


1691  P92f(05^6212F/£>/  *  33U475°2'  ~«4«7<S°15l,  *1  •  5451558,,  l5°029d9 ,  ,U 


•“  *1.507  25  4  3,0, 161508  0  3,  w,  ,0,/ 
D4T4<C3(2,^). J=l. a t/0, , 0. ,-.13063509, .37362382,0,/ 

JS1’ 8 )/0, 24087817,0 ,, ,10820813.- ,33868201 , C,,0,,  .8 

18*53218/ 
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?  i  ?<  *i 
*  *  TO  3 

5  ,  I  t 

0"  T0(  3<4)s  IKi-Ml 

*sci<K(n 

:3--c?c<. ; ; 

<i=A^?0«*d 

.  t:  3 

4  4SCl  Ck  *  *  ) 

: 

/  r  f  t  J 

v=  1*?*  ALC3i  ?c ' ♦  c* alc-g  j po;  •  au  gc  pc> 


-iflt 


i  :".T!VvE 

I-- 1  =>n.  Gt .  ioc .  ’  rz  t r 
. </i=0» 
vtSSai,.  * 
i>=i .r-v'?) 

3*  VC  15 

I  «  .  f  '  5  3  1  .  -  v  t  1  )  -  ••  c :-  J 
.  ;<'  =  v;-3:*;r. 

■  f^Ss»;l6J»l  TJr. 

ir  rc  i7 

1?  1 c (  Y  Y ,  £-j .  V  T  (■*,,'  J  CO  TO  5 
1,7  T  jsv(6;«Y!sLU*«(1./3.  > 
rv=vITuL' 

V'  /1G2,9}«»,5 

P  <•£  .  <*?:■•  (  u  2 . 9*4.  *PQ)/  il02,9  +  P0: 

'~=3.*s/vo 

TiUsTS/TC 

f.=^yp{-TAj) 

-Nrco*( VC 1)*(E««V<3)  ■  *V(2)*(L°*v;  4 ) )»V{7)«CE»*V(5>  > >*{i.Q-TAUJ 
T  '=  ? .  *TS 
T  A*Jt  TB/TC 
E3E*P{ -T  A J  J 

PTsPO*(  VC  1)*{(-»«VC3)  )i>VC  2)»CE<*«VC«>  }*VC  7 ) •<  F_»*v(  5) )  >*C1,0-TaU> 
V=2t5*P0*PC/( 1Q2, 9+P0> 
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V-=ll26,*(5.*P0/102.9)/(l,+6. •  P0/102 . 9  >*» , :? 

RETURN 

£'-4TPY  PR£SS(OVERPiTJ 
Ic<T.LT.O»>  GO  TO  10 
9  TAUcT/TP 
Ea£YP(-TAJ) 

OVEPP  =  PO*(V<1)»<£«*V(3)  )+V(2)*<E**VU  >  )4V<  7  )•  Cf**v  « •> ) )  )• < i . 0~T au  ) 
PETjRN 
10  OVEKPsQ.O 

PP-T  jRN. 

16  ^:tE<6,a2> 

12  P'*PYAT(49^0P£AK  CYERPPLSSHRE  NOT  VIThJN  L,!M!TS  OF  EOUAllOwSl 

c-’TSY  PRE'iSOl /'.T »  T, XO > 

1-'.  T.LT.H,)  5C  TO  13 
T  UCsr/M  l,l  +  ,G««PO)*TCl 

J.T  =  {Q/vA#»2>*f  VA*(l.-T0T01*ExP(-Tr''Tr)-XD)fcABSf  VA«{l.-TOTO)*EXP\ -T-' 
.1  -1-XD) 

•«?  1  'JR  \ 

ie 

*■  •  tr> 


5  )9«0»JT!Nc  IMRACfJl) 

C-  ^0KV*5L<1/  *i,Yl,X2,  Y2,X3#Y3»X4iY4 
CV^CN/BL^iV  YfM  .  Y01,vr)2,  Y02.X03,  YD3,X04,  V04,XD,  YP 
CJ««UN/a|_<7/  $(jRV 
r.  -»7A  75/ 

TO  (I0»2n,  10. 40*50.60,  70,  do).  J 
1C  I‘-('X4-X1>.GT|Km;  GC  TO  11 
V  -ist  XD4  +  X0)/?. 
r  vWf.) 

'-HlTtU.l?)  V*fa  *  PM 
S'*  TO  l’JO 
5  l  ■'  •:hM!T;XJ4) 

^I’Ef  6,l3)  XP4,PV- 
TO  ICO 

’U  lK<X3-X2).GT,hf )  GO  TO  21 
V^*(XD3*KD>/?» 
p  -=h‘5HlT  (  w<6: 

-:<lTF(6,i2}  v  *o» 

0*  TO  100 
21  P^sMHITCXJJ) 

W>ITE(6»15)  X«3iPv. 

TO  100 

3C  :-((Yl-YO.GT,HH)  go  TO  31 
v'-?be(  Y0A  +  vQ)/c.. 

P  *swtH!T(  v'wP  5 
w-f!T£<6,U)  VhB.PM 
Gp  TO  100 
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n»«:  .ss^r-  Trr,>.. 


31  PM*WHIT( Y04> 

WSITEC6.13)  Y^4 , Pf*' 

GO  TO  100 

40  IP< (Y2-V3) .GT,HH)  GO  TO  41 
VWB*(YD3+Y0>/2. 

P^swBH!T( VtfB) 

V«ITEt6il2>  WB#Pt* 

GO  TO  100 
U  P  *=«H!T<  YD3> 

W^!TE{6,13)  Vii, PM 
GO  TO  IOC 
OC  V<JHs(y0l*<0>/2. 

JP(  AB£(  Y3-Y2)  ,LT.f-H)  v„b=vwP/2, 

P**s*'b»4lTi  V*'B ) 

*J;TF.i6,l?)  V*b»PM 
G~  TO  100 

*G  V<!Bsi  YD2+XO)/?, 

I'-'UBSt  YlrY4  )  ,LT.PH>  VWB  =  VW«/?. 
r  ’swBKJTt  VWb ) 
v»3 1  Tt  (  6  *  1 2  )  VWBiPM 
GO  TO  100 
•’*  v>.?s(  v01*v0)//\ 

IT( ABS(X1-X4) ,LT.PW)  V*P*Virf8/2. 

P4s*bMlT(  V*.?) 

H!T€f6,l2)  v-b.Fv 
0"  TO  lGD 
’0  v  *b*(  Y02  +  v^',/2« 

IrC  ABf.f  x3-)<?)  iLT.Th)  v*P=VwB/2. 

?  •s^bkitcv**-; 

«M1c(6,l?)  V^H.P" 

1  "3  S  »«V*SU»V-P'',*<:l,0V 

12  F-**ATi/*  w*0Lt  fcOOY  lMP*f.T  VELOCITY*’ , Fin, 3/ 

1  •  PRCBi“lLITY  Of  'MORTALITY**  »F6,3//) 

«  3  r  0*<vaT  (  /  *  *FO  IMPACT  VFL-OC I  TY=  * ,  E  IP.  3/ 

j  •  PROBABILITY  o:  MORTALITY* ’. P6 , 3// > 


t  ■<£ 


A. 7. 5  articulated  Man  Routine  -  Flow  Diagram  for  Main  Program 
and  Fortran  Listing 


t  Initialize  Physical  Data 
for  Model  of  Man 
t. _ _ 


e~ 


I  Compute  x,  y,  k,  and  y 
for  Points  2, 3 ,4  ,5  ,6  and  ? 
Eased  on  xl,.yl,.xl,.yl, 

'l  92 ,  94  ,  96 ,  92  ,  94  ,  96  and 
‘  Geometry  j 


Sead  Inp  .  Data : 

Initial  Position 
initial  Velocities 
Initial  Accelerations 
Time  Increments  , 

Spring  Constants 
Coefficient  of  Friction- 
Vail  Position 


There 
Impact 
with 
Floor  J, ' 


f  Call 
V  Subroutine 


Write  Input  Data 
and  Headings 


•"  Is 
There 

Iup3Ct 

with 
^  Wall?, 


!  Call 
Yes  v)  Subroutine 
WALL 


Set  Time  t  »  0 


/  Is 

Time  t  ~- 
Greater  than  > 
Final  Tia* 


92  -  82  +  -c-«2 
94  -  94  +  ..t-94 
96  -  96  +  _t -96 
xl  a  xl  ,t-xl 
yl  “  yl  +  it  yl 

92  ■  92^-r  :T-eT' 
94  ”  94  +  it  *84 
36  "  96  +  it -66 
xl  *  xi  +  Acxl 
yl  •  yl  +  it -yl 


’  Call  Subroutine  FORCE 
j  for  Loading  Function 


‘  compute  Contact  Forces, 
j  if  Any. 

Compute  Resisting  Meaents 


Compute  Coefficient  Matrix  cl 
Compute  Result  Vector  R 

_ J 


'  C  , 


i  Call  Subroutine  ?EQ  i 
i to  Solve  for  iccelexstions  J 
j _ and  Reactions  j 


Iwcreseot  Time  by  it 


.  'V>^^t^ttfiAs^wvlb  «,  — —  — -  -  —  - -  -.  -  -  _  - - --  -  ,-.»  ^W*  .W.»>  — -m*ej~.  --  ^V^tCW."  if 


DIMENSION  X£7i,Y(7),XD(?),YO(7)/XOD<75#YDO<7j 
DIMENSION  T*<6>eTHD<6)«THnD<6> 

DIMENSION  FH(7),FHI£7),FHW(7) 

DIMENSION  FV(?)tFvU7)»FvF<7) 

D I  MENS I ON  Ft  7 ) . wt  7 >  #S1 <  6 ) »C0( 6  > 

DIMENSION  C(19,19>,B<i9,l) 

DIMENSION  U'*7).LL£7) 

COMMON/BL<1/  X,X&,Y,YD*T 
COMMON/0L<3/LL.TH 
INTEGER  W,F 

Rt  At  L » LLi M3# y5* 12* ! 4 , ! 6 , «L * KU# MU 

Qi7t  vg.w*,  *6,  1?#  Mj  I  6/56, 92, 96, 69*  lit  39 , i , 67| 1 , J 4 , Q . 03/ 

DATA  LL/G. *J .A3. 3, 01, 0-99 ,2. 01 *0,37, 0,75/ 

G=32,2 

1  RFO(5.2,£Nf:=9aC)  IrON 

2  FORMATt 12) 

RFaD(5.10M  tM(  1 ),  !=2,6,2>,X(1),Y(1  >,tf,pt,dto 
?.G  FORMAT!  AFIG.C) 

REA^Ip.lG)  XUtlJ*Y?<2)#Yjn(l)fYDDtl> 

RP.A0(5,9)  KL.KU»MU 

9  ( 0R«A7(3F10.0) 

RrA0(5.il)£F( jj.jsl.7,2) 

<:  f?r«at(4U) 

•ic.AD(5,3)  XV 

3  t')n«AT(F1  j.c: 

*<IT£(c»l7;  IRyj. 

17  F0R*'4T{»1',’  *t'N-  NUM6F.35  *.I2//) 

*9  1  TEC  6, IT)  XtD.KLi  V(l  ),KU,XW,MUfTM(2},TF*TH(4)*DT#TM(6)*DT0 
r*Hv-A  TC  xi  Jf  T)  *  #F9.2,6X'KL  (LB/FT)»,£iO*c/ 

1  *  *  ;  v  F T  )  *  ;  F 9 , 2  ,  *>X  *  XU  (  LR/FT)  ’  |£10,  4/ 

2  *  -•«.  (FT)  ’  ,F9 .2,6X*MU  '  #E10*4/ 

3  '•  TH2  i  RA05  *  ,E9 . 3, 6X*TF  <SEC)f«F7,4/ 

a  *  TW4  'RAQ5 ’ ,£9,3,6X’D7  t$EC>‘,F?s4/ 

5  •  T*6  £HAD)‘ .E9,3,6X!DT0  t SEC) * , F7, 4/// ) 

?7  12  js2.6.2 
*•  *•) f  J)  "u  . 

*2  T’-DD-  J)=0, 

13  FIR^t;  t9x*  U^x'xi’  7y'  x5‘  7x » x7 ' 6X’ XD1 » 6X f  X03’6X*XU5»6X’X07  » 
16  *  !  TH? '  6X  *  T**4  *  6X  '  TM6  •/19X?Tlt7X,Y3*7X,Y5,7X,Y7*CX*  YDi*  6X  *  Yl)3* 
?6  >■ '  YD^ '  6X '  v  ■'•7  ’  SX  *  TrlD2 1  5*  ’  THD4  •  5X  *  THD6  ’  ft ) 

L«2)5LL(2) 

L(3)sLL(3)-Lt(2> 
t(4)sLL£4) 
t ( 5 )  =  LL( 5  5 - tLf  4  5 
L:6)sLL(6) 

Lt7»suLC7J-i.L(67 

r^o. 

TSD. 

^0  O')  51  J 5 2 * 6 <2 

TH0< J)=TWD( J)*OT«THOO£ J) 

T*J{  j)sTM£0)*OT*THO£  J> 

3l£ J)*SIN£TM( J)) 


sc 
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1  >ir  •  't u  '  v‘.  Jtj&Ar* * **  ■*  'W*^vX \~1&. t  >a  iMstiSufXt tl'M ^ f 


S  I C  J+i)*SK  2) 

CK  J)sCOS(TH(  J)> 

51  C3<-j»l)*C0(  J) 

X3( i )=X0< i )*DT»XDD(i) 

Yr'(i)sYD(i)+DT*YDD(l} 

X<i5=X<l>*DT«X0<i> 

Y(  l)=Y(l)*DT*YDf  1) 

O''  52  1-2,7 

x'  n=xf  i~i  )+l<  n*snn 
Y ( J  >«Y< I-15  +  Lt I )»CO( 1 5 
XO(  !  )  =  XO<  !-l)*LU  )*THO<  I  )«CO{  ! ) 

52  Yi(  J  )sY'}(  MJ-LU  >»TH0(  !)•$!(!! 

JPtT.LT.TO)  GO  TO  52 

W“lTE(f  ,230  T.(XC  1 1,  !*1.7,2),<X0<  U#  i*i»7#2}#{THCJ>i  !*2#fc*2J 
V*ITE(6,23ii(YC  1),  J  =  1.7,2),  <Y0{  !  >,  1*1, 7.2) # ( THDfl  > #  1*2,6,?) 
200  FDRMA7<Fl2.4,-*X,llfc9f4) 

2)1  F0*wAT(i6X.llF9,4/) 

T''=TO*CTO 
"’2  0 T  22  *. s  1 , 7 »  2 

lr  (  ( F  C  *» ) ,  £G » 1 1 .  AVO ,  f  y ( *1 ) ,  i_T .  Q .  >)  50  TC  30 
i*-‘(F(jJ.£S.l)  GO  TC  35 
IF-!  Y(  J)  .Gs.G.  1  GO  T0  30 
CALL  (■  L00-?(  J) 

~ < J)=l 
S*1  rG  3C 
15  F '-}  =  <.' 

'9  CT\r:\oe 

00  <0  *‘=1,7,2 

IrUWf.*i.  2Q,lJ.AN0,;x<J>,G7,XW)}  CQ  TO  40 
]?(*;  J}.  {.;,!)  GO  TO  <5 
•  l-c *( Ji.Ls.XW>  50  TO  4C 
C4Uu  WALLCJ) 

J>=2 

C.T  TO  40 
'  W '  2 )  =  0 
COVT I Vuc 

!"( y( 7) ,lt.c. )  go  tc  i 

Ir(T.5T,TP)  GO  TO  1 
CiuL  PO»C?(FHl,r VI»h3,M5> 

?r(  <««.r,Tl999,  )  .OP,  (M5,GT,999I  ; )  go  TO  l 
'JZ  70  2=1, 7.2 

I-(y( j: , Gr , c . )  ?yp< j)=ot 

:-<  (  /<  JK'.T.O,  !.AN3.(YD!  J),LT.O,  ))  Fifrl  J)  =  -KL*V{  2) 

! r  (  (Y{J).i.T.o.  } ,  AMO ,  ( YO  ( J ) .  GT .  C .  ) )  FVFC  J?s-‘CU«Y(  J> 

1F<  y  (  J)  ,Lc.  xv. .  Ffitf  {  J}  tQ  , 

(X(J) .GT.XV) .AND.tXDI J> .CT.O. ) JFHWC J)-XW> 

Jr { (X( J) . GT.X*} , AMD. (XD( J) ,L?.3, )  )FWV( J>*»KU»{  X(  J)~XW ) 
c-<f  J)  =  Fwi(  j!  +  Ghw<  J  >-K<U*cVr  (J)*XD(J}/A8$<XD(J)) 

VG  w  >rFv  I  (  JJ+-VF  ( vJ  >-MU*FHV/{  2}  *YD{  YD(  J)  ) 

DO  22  I  -  J  *  1^ 

DO  22  J3i  *  JL9 
22  C( J,2)=n. 

C«4,li=-1,Q 
€.**.l}=-l,c 
Ct  5 ,2 5 - -1 , 0 
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;  P 


A 

Cf 


& 

jl 


ajMrs>*»^Ti«ftl«oa3^^  Vf 


C<7,2)=-1.0 

C(1,3)=W2/C 

r*  t  a  *t  »  _  j  a 


C  (  4 . 3 ) s  1 

.0 

C(2.4)sC<l#3) 

C<5,4)=1 

•  _ 

C<8, 5>=3 

•  u 

C<  11 . 5  )*• 

“1,0 

C<13,5)a- 

-1.0 

C( 7, 6 )*1 

r, 

•  V 

C<3?.6)  =  - 

-i.e 

C< 14 , 6  )  s- 

-1.0 

C(  fi,  7JJW4/G 

CC i 3 . 7)=t 

L.O 

C  <  9 , 8  )  =  C « 

h .  7 } 

C< 12,3)r j 

.,C 

C(  13,9)rl 

.0 

C<lP,9;s- 

•  1 

•  1 

C  ( 1 4 ,  •  *}  )  5 

1 ,  0 

C( 19,10)5 

-i .  c 

C( 15. 11 )  = 

*6  /  G 

C(18. ll *  r 

l.P 

€< if » 1 2)= 

€(lb, 

C<19,12)= 

!  .G 

€<2,13)512 

C<10.1«)= 

14 

C<i’,i5)= 

16 

C<1,1A)*- 

3  .  C 

«-< 8  1  16  ) si 

.0 

C<  2, 17 )=- 

l.c- 

C(9,iV)=i 

.y 

C<8il‘)/S- 

1.0 

C< 15. 163= 

l,p 

vll^ls.'^-L-J  *  )»CM6) 

Cf 19,15)  =  LL(6)«S!  (6) 

C(3,iA>=(wLt2)-lL{3))*C0{2) 

€<10.16)50(11,14; 

C(3,l'*)r{,L<3)-LL<2)  )  •  S  l  (  ?  ) 
C{ 10»3 7)sC<i2# 1<J 
C<ir.lfl)=<LL(4)-LL(5))*C0<4> 
C<17,18)=C(18,15) 
C<10,19)5(LL{5)-LU4>)*SI<4) 
Ctl7#l9)sC<l9il5i 
B( 1, 1 )+PH( 3) 


DCl,X)=rM(i)+FH(3) 
B<2,l)=Pv(l)*Fv<3)-W2 
SC  3, 1 )~fy( 1)«UL<2)*SI <2 ) 


F*{l)«tU2>*CQf2)*FH{3)«(LM3)-UL<2>)* 
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t{ 

1 


i 

Ji 


I 


■* 

f 

■s 


*5 

*4 

3 


j 

$ 


I 


ig  1  rrgTi^n  ^gaas^aAefaeaBr  ” 


iC0C2)-FV(3)*aU3>-U.t2n«S:<2>*M3 

B(  4, 1 2 }«THD{ 2 )*«2»S 1 ( 2 ) 

8(  5«  1  )  =  *»LL(  2  )*Tt<0{  2)  2 } 

B<6,l)  =  -U(3)»TfcDC2)**2*Sl(2) 

6< 7i15=-Lu(3)*7wd«2>*»2*CO(25 
B( fl , i ) sFH( 5 ' 

BC‘»,i)*FV(5>-k4 

BflO*  l)  =  F-((5)«(l.L(5)-LL(4)  )«CC(4)-FV(5)»(i.L(5)-UL(  4)  )»&l(4)<-«3-M3 
d(11/1)  =  -uLM  )  •THO(  4)**2*SI(4J 
8( 1?# 1  5  =  -_L( 4 >*7hC{ 4 )«#2*C0( 4  ) 

B( 13# 1 ) =-  uL(5)«THD(4}^*2*^H4) 

BC 14,  l)  =  -uL(  5  >*THD(  4  >«2*C0C  4) 

6(13,1)sFH(7) 

8(16.1  )sF*<7}-„-6 

8(  17,  i  )  =  FH(  7)»tl.L(  7)"LL!6):  »CO(  6  )  ~F\f(  7 )  •  ( j_^{  7  )-ll(  6 )  >»b  1  (  6 ) -«5 

B( l8#l)r-.L(6)«7Hr<6)#«2»s:(6) 

3f 19»l)aLfc.(6)»T«D(6 J**2*CO;6) 

CALL  LtOC  C,t3#l9»l,19,i9#DFT»  KQET  ) 

X*#D(l)sw,  (1,1) 

V*‘0(l)sB(  2,1) 

X'C(2)  =  BM,1) 

Y23{2)  =  'iC4#  J  ) 
v"!D(3)  =  B(  ^,1  ) 
y‘10(3)=c:4,d 
X^D{4)sQ{ 7,1 ) 

Y^C(4)=8(a.l) 

X^O f  5  )  f  3,1) 

vifj(5)=F(10,l) 

XTDJ  6 ) sft( U  # 1  * 
v:';(6)=B(i2, 1) 

T-’J?(?)sBCli,l  ) 

’  ;C‘?(4>sS«14,l) 

T  »C?<A.'*3«1&#1> 

H^  =  5( 16#  1  ) 

V3=?£i7, 1) 

«i  =  ?(16,l) 
v 3=5(19,1) 
r=T*D7 
5')  *C  33 
9 10  S’C' 
c  ’*) 


'«<».'■■  v*?-  - 


SUBROUTINE  *ALLIJ> 

C0M*0N/8L<1/  X,XC,Y*YDiT 
DIMENSION  X(7),XD#7),Y(?),YB(7) 
w*iT£{6iio>  g,T*xc j),r< j>, xDf j),yn: j> 

10  FORMAT!/*  *•*•**  POINT*.  12#  *  IMPACT  ON  *4LL  AT  1  =  ’ ,  F  7  •  -  , 
i*3£C  X=  * » 1 9 1 4 » *  Ys  * | E9 1 4  * '  ,X0s*  E9,4.’  ,YO**,£0.4) 
RETURN 
E-'D 


S'  be0L‘7  in£  floor*.  j> 

COMMON/BU^l/  X , XD» Y# YD* T 

L'l  MENS  I  ON  XC  7) »  XD?  7)  *Y<  7) ,  YD(  7) 

*'  i !  T£{  6,10)  JjT.X(^)  »Y(w)  *XD(  J)*YO{J} 

!  0  FORMAT!/’  *••«■**  POJWT* .  I2»  *  IMPACT  OH  FLOOR  AT  Ti’.F/.A, 
l’SEC  Y=»,E9,4,*  Ys‘,E9.4,*  , XC=  *  *  E9 , 4 » '  ,YU*,»£9,4) 
r  ~  T  JR>; 

£  <0 


S  iPRGUTINE  FO-<CElFH!,FY! 
C^*iM0W/BL<3/  LLiTH 
Rr.AL  V3,M5,U 

L I V£NS ION  F«i ( 7  > . F  V ! i 7 > . LL ( 7 ) , TH<  * ) 
F  *108, 

f  ~ 

F*=lL<  5)«C0S!TM'4>  }*F 
FnsLLC7)*C0S;THf6) )*F/3. 
R-,:a)sF2/2. 

F  <»(3)sFH!(l)*P</2, 

F *!; 71=06/2, 

F-'I{5?  =  FhI(7;+F4/2, 

U:  1C  -=1*7,2 
10  FVItj}=C. 

T-IN»AFS(T*J(4)-TM6)> 

1F(TR!- ,lT,1, 090835  GO  TC  30 
IPiTkN.LT, 1.221735  GO  TC  31 
!r<  ThN.lT,  1.309)  GO  "0  32 
^RITE? 6,33) 

33  FORMAT  £  /  *  *#•->  \tCX  BREAKS’//' 
Mi=iGjO. 

RETURN 
33  *5*? , 3333 
GO  TO  40 

31  vs»=l  27 . 3236*Tw.»-i3Q ,  5351 
GO  TO  40 

32  M32668«424#TMN-79l,633 


169 


4Q  iF(UM(6)-T'*,(<))«LT.U.  )  M5*-ri5 
THH*TH<4)«-TH(2> 

IP{THM,UT,0. )  50  TO  50 
IFtTHH.LT. .785398)  GO  TO  51 
IF(T««.IT*1. 919862)  GO  TO  52 
wP!T£<6.53) 

53  F^RvAT(/'  ***•  nlP  BREAKS*//) 
«3=1 000, 

R£T.]R*; 

51  wT=68,9*7»Th^ 

ScTURfv 

52  .•l3s42,44i3»Tww+20,8333 
RETURN 

50  T-*M=i3S{T-<H) 

Ic( TWH.LT, .837756)  GO  TO  54 
A^ITEfbiSi) 

^MOOO. 

RST*JRV 

*•4  K3s-3S,79»THH-i50. 

S?TJR».- 

r  *' 


SUbeO!JT|K£  LE3{  t.Sf  NEuS, \SOLN5,  !A<  I0»D£T,KDET) 

SOLVES  the  LINEAR  SYSTEM  *AXsY* 

T  <t5E  ARE  ’KcJS’  EGUATIC.NS  AND  ’NSOLNS’  SOLUTION  VfcCTORS, 
t  -*E  DETERMINE  T  IS  RETURNED  IN  ThF.  FORK*  *0tT*10,«*KOET' 

U’MFNSION  i(U,l),B!Ifi,l) 

CiTi  LOGF  AT  »FATcTH]N/20jl.E+2C.'t.r-20/ 

'.'SI?  =  MEGS 
\ 5S!2  =  NSCLNS 
OETsi.O 
■.'LI  =  1 
J^i  I  =  1.\’S!Z 
cIC-sAt  I.l) 

I'(VSIZ-1)5C-.50»51 
91  ?  Js  ? »  VS  I Z 

!??  ABStOiGJ-A^SI  AM.  J)>>  3,2,? 

3  r-IGsA(I,J) 

?  C  )<\Tl  V{jE 

u*  <  J=1,MSI2 

4  Aft, J)=A( I, J)/BIG 

0  '  41  J=1,N6SIZ 
■’  8M,J>=3(  I.Ji/BIG 
DFTxDFT«BIG 

52  IPlAbSIDETJ.LT.fAT)  GO  TO  60 
DET  =  DET*T*!\ 


0001 

0002 

0003 

U0U4 

0005 

0006 

0007 

OGQfl 

0010 

0011 

001? 

0013 

0014 

0015 

0016 

0017 

OOlP 

0019 

0020 

0021 

0022 

0023 

0024 

G025 

0026 

0027 

002p 

0029 

0030 

0031 

003? 
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KOE?  *  KOET^LCGFAT 

LE,  C0j3 

go  TO  1 

,  J0i4 

60 

iFUBS<D£T),GT.TH!N)  GO  TO  l 

J  E-.  00  35 

u£t  s  CFT»FAT 

LE*,  L’O 36 

KOET  =  KDtT-LOGFAT 

LEI  0037 

1 

continue 

LEG  0038 

N'l«SYS=NSIZ-l 

uE<*  0039 

On  14  IaljNLhSYS 

uEO  O04r, 

h  i-  !  +1 

lEg  0041 

5 1  G* A ( 1,1* 

lEu  0042 

NBGRWs  j 

LEG  0043 

DO  5  J=NN,NS!Z 

LEG  0044 

!F{ABSCaiC)-tas<ACJ,n>>  6*5,5 

LEg  0045 

6 

BlGeAf J, I ) 

LEG  0046 

N^GOWaJ 

LEu  0047 

5 

C-'/NT  I  SUE 

t_E*  0048 

I-(VcGRG-I>  7,10,7 

LEG  0049 

7 

D "*  P  J=  ! »  NSI 2 

leg  0350 

T£fPsA(\BGRi»,  J) 

L Eg  0051 

A<!,?G»W,  J)  =  A(  I  ,U.' 

leg  005? 

8 

AC  I,  J)sTE*1P 

leg  0G53 

DETr-OET 

LEis  0054 

00  9  Js  J ,  v6$ I  "* 

lEg  005*= 

7  r  rt?sH(  \iiGRw , ) 

lEg  0056 

•if  NsGRW,  J)  =  ti{  J,  J? 

LEf,  0057 

9 

H( I , J)sTEyP 

LEG  0058 

10 

DO  13  K*N\,NSI2 

LEG  0059 

P^ULT*'A{<, !)/A( I,  I ) 

LEG  0060 

00  il  Js.NN,NS?2 

LEU  0061 

11 

Mrf,  j)=P'lJLT*t(  !,  J)*ACK,  j) 

LEU  006? 

j."  12  Ls1*nBS!Z 

LE3  0063 

;i:<,L)sPMJLT«^(  I,L5«>E<K(L) 

LEG  0064 

CJi>TI^r 

LEG  0065 

*4 

ST  I  SUE 

LEG  0066 

»:  o'  is  \co,b5i.Mt-s»r 
o:  19  isiiNSi? 

\ jpwsNS! 2*1-1 
TEu.P=0.0 
*XS*NS!Z-vROb 
•Ff\<3>  i*i, 17,16 

16  V*  IP  K=l,rvXS 
K<=NiS!Z+l-K 

18  Tr«?sT£^p*g{KK,^CCLB)*4(NR0V/:KK) 

17  ?  (  \«0W ,  VC ClB  1  =  {  8  ( fjROW i  NCOuB  5  *TEMP  >/4  {  NRflW, N*OW ) 
1?  C'JTIMjE 

15  C  "'NT !  Kl  E 

DO  20  I=1..nSIZ 
DET*D£1«A( I* ! ) 

!?:abs{det),lt,fat)  go  to  si 

UvT  s  OET'THjf 

<OtT  =  koet*logfat 
G"  TC  20 

51  I c  (  Oh.T .  GT  ,  1*^1  K }  GO  TO  20 
SET  =  DCT*F  AT 
<OET  =  KDET-tOGFAT 
?0  CONTINUE 
RET'JftM 
END 
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LEG  0073 
LE«  0074 
LE»  0075 
LEG  0076 
v£G  0077 
LEG  0078 
uEG  007? 
LE(s  OOoO 

le  *  00«1 

u-  i  QC8? 
uEG  0063 
L£-v  0054 
LEG  00*5 
lEu  0086 
LEG  0057 
LE*  QOoP 
LEG  CD69 
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APPENDIX  B 

BLAST  LOADING  OF  BUILDING  OCCUPANTS 


B. 1  INTRODUCTION 

When  a  weapon  of  known  yield  is  detonated  at  a  known  distance 
from  a  building,  the  overpressure  at  the  location  of  the  building 
is  known.  For  buildings  located  in  the  Mach  region  the  distance 
from  the  burst  will  be  large  compared  to  the  building  dimensions, 
so  that  the  radius  of  curvature  of  the  shock  front  can  be  ignored, 
and  the  load  on  the  building  analyzed  as  though  produced  by  a  plane 
shock. 

The  incident  shock  is  capable  of  penetrating  deep  into  the  in¬ 
terior  of  the  building,  since  walls  with  openings  are  quite  "trans¬ 
parent”  to  shock  waves;  for  example,  a  25  percent  opening  in  a 
wall  will  transmit  about  81  percent  of  the  incident  overpressure  at 
the  range  of  14.7  psi.  Following  the  penetrating  shock  waves  is  a 
jet  flow  pattern  which  seeks  to  equalize  pressures  on  the  exterior 
and  interior.  Pressure  differences  across  walls  may  cause  wall 


destruction,  and  the  intense  flow  through  openings  may  produce  in¬ 
terior  wind  speeds  high  enough  to  propel  occupants  into  obstacles, 
causing  injury  or  fatality.  The  latter  possibility  arises  because 
the  interior  wind  persists  long  after  the  pressures  have  nearly 
equalized,  thereby  allowing  time  enough  fcr  the  impulse  imparted 
to  the  occupants  to  reach  dangerous  levels,  if  the  wind  speed  is 
high  enough. 

The  aim  here,  is  to  estimate  these  aerodynamic  loads  on  the 
building  ana  its  occupants,  taking  into  account  the  coupling  be¬ 
tween  the  flow  and  the  changes  in  geometry  caused  by  failing  walls. 
This  is  attempted  in  the  iollowing  sections,  in  which  the  simplest 
physically  meaningful  model  with  these  features  is  presented.  We 
begin  by  simplifying  the  building  geometry  in  Section  B.2,  then 
discuss  the  assumed  failure  mode  cf  the  wails  in  Section  B.3. 

After  presenting  the  free  field  blast  wave  (Section  b.4)  and  its 
interaction  with  the  building  exterior  (Section  g.5),  we  analyze  the 
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shock  penetration  by  a  one-dimensional  model  (Section  B.6)  and  the 
jet  flow  (Section  B.7),  which  governs  the  filling  phase.  The  gov¬ 
erning  parameters  of  the  problem  through  the  filling  phase  are  col¬ 
lected  and  discussed  in  Section  B.8,  while  Section  B.9  discusses 
the  steady  state  flow  through  the  building. 

The  initial  part  of  this  effort  was  concerned  with  a  detailed 
examination  of  16  NFSS  buildings  described  in  Ref.  3.  Their  struc¬ 
tural  and  geometric  characteristics  were  examined  in  order  to  pro¬ 
duce  a  realistic  model  for  this  category  of  buildings. 

B. 2  BUILDING  GEOMETRY 

For  this  effort,  we  consider  only  the  case  of  an  isolated 
building,  neglecting  the  partial  protection  given  by  neighboring 
structures.  Also,  the  shock  is  assumed  incident  in  the  plane  of 
the  building  face,  so  that  no  horizontal  crossflow  is  to  be  ex¬ 
pected  in  the  interior,  except  in  the  direction  of  shock  motion; 
this  also  minimizes  diffraction  calculations  on  the  exterior.  Thus, 
the  building  is  taken  to  be  a  two-dimensional  array  of  chambers 
(rooms),  with  flow  occurring  only  along  a  front-to-rear  axis,  the 
floors  being  uncoupled  by  crossflow. 

The  building  is  described  mathematically  (see  Fig.  B.l)  by 
specifying  its  overall  dimensions  (BH,BW,BL) ,  number  of  stories  (NS)  , 
number  of  bays  deep  (NB) ,  and  number  of  bays  wide  (NW) .  A  particu¬ 
lar  chamber  is  defined  by  giving  ics  story  index  (j);  its  bay  index 
(i)  matches  that  of  its  rear  wall,  with  walls  being  numbers  1,  2,... 
NB-fl  from  front  to  rear.  Thus  chambers  1  and  NB*H  are  the  front 
and  rear  exteriors  of  the  building  respectively.  Each  chamber  has 
values  of  length,  width,  height  (RL.  •  ,UL  .  ,H.  .)  specified,  and  each 
wall  has  the  fraction  of  orifice  (window)  area/wall  area  (A^) 
specified. 

Note  that  windows  are  not  characterized  by  their  positions 
in  the  wail,  nor  by  their  proportions  --only  their  area;  this  is 
done  because  it  is  judged  that  the  dominant  factor  in  determining 
wind  speeds  and  durations  is  the  ability  of  the  pressure  differences 
across  any  orifice  tc  bodily  transport  the  fluid  through  the  opening, 
and  thus  geometric  details  of  the  flow  are  unimportant. 
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By  prescribing  the  dimensions  of  each  room  separately,  the 
model  has  great  flexibility  for  describing  the  effects  of  area 
changes  in  the  flow  direction  due  to  building  frames ,  elevator 
shafts,  etc.  This  feature  also  allows  for  the  important  effects 
on  timing  of  wall  failures  due  to  the  different  rates  of  change 
of  pressure  in  the  room  interiors,  as  discussed  in  Section  B.7. 

B. 3  CONSIDERATION  OF  WALL  FAILURE 

The  primary  emphasis  of  this  analysis  is  to  develop  a  blast 
loading  routine  for  studying  the  translation  and  impact  of  people 
located  in  upper  stories  of  conventional  buildings.  The  routine 
therefore  applies  to  any  building  up  to  the  overpressure  level 
which  produces  total  collapse.  The  class  of  buildings  to  which 
this  routine  is  specifically  applicable  includes  multistory  framed 
construction  in  which  the  walls  (interior  and  exterior)  are  pri¬ 
marily  nonstructural  and  can  therefore  fail  without  producing 
building  collapse.  Because  of  the  two-dimensional  geometry  as¬ 
sumed,  pressure  loads  will  advance  along  the  same  front  throughout 
the  lateral  (width)  dimension  of  the  building,  and  fore-and-aft 
walls  will  see  little  or  no  pressure  difference.  So  long  as 
floors  are  not  vastly  different  in  distribution  of  interior  par¬ 
titions,  the  same  statement  can  be  made  for  pressure  differences 
across  floor  slabs  --  the  pressure  differences  which  do  appear 
because  of  different  retardation  of  the  penetrating  shock  waves 
will  be  of  very  short  duration,  since  the  arrival  times  cannot 
be  greatly  different  at  a  given  station  (x-coordinate)  owing  to 
the  transparency  of  orifices  to  shock  penetration.  Thus,  for 
any  given  room,  we  consider  failure  of  only  the  end  walls.  Also, 
glass  is  ignored,  and  any  glass  panel  is  assumed  to  vanish  upon 
arrival  of  the  shock  wave. 

Oar  basic  configuration  of  a  failing  wall  is  then  a  rectan¬ 
gular  panel  set  at  right  angles  to  the  flew  direction,  loaded  by 
seme  pressure  difference  across  it.  The  general  case  is  simpli¬ 
fied  as  follows: 


176 


_  ..  - -  —  .  .  ., . i.»iiiiui»ur  ir.nwaesgFtagjSSS'  3$ 


(a)  The  pressure  difference  applied  is  considered  uni¬ 
form  over  che  area  of  the  wall;  that  is,  the  pres¬ 
sure  relief  around  any  opening  in  the  wall  is 
ignored . 

(b)  The  wall  is  assumed  to  stand  if  the  pressure  dif¬ 
ference  is  less  than  a  known  value,  pc  (collapse 
overpressure)  - 

(c)  The  wall  is  assumed  to  stand  if  the  pressure  dif¬ 
ference,  no  matter  how  large,  is  not  applied  for 

a  known  minimum  time,  Atc  (time  to  maximum  response). 

(d)  When  the  wall  fails,  it  does  so  in  two  steps;  first, 
cracks  appear  instantaneously,  removing  some  per¬ 
centage  of  the  effective  wall  area;  second,  the 
fractured  wall  segments  fall  to  the  floor  under 

the  action  of  gravity  alone ,  removing  the  remain¬ 
ing  effective  flow-blocking  area. 

Thus,  wall  failure  is  characterized  here  by  four  parameters:  pc, 
Atc,  Aj,  and  t^,  where  A^  is  the  percentage  effective  area  reduc¬ 
tion  at  crack  appearance,  and  t^ 
debris  to  fall  to  the  floor. 


is  the  time  required  for  the 


a 
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This  model  is  similar  in  spirit  to  that  presented  by  Zaker 
(Ref.  1),  in  that  it  requires  some  total  failure  impulse,  and 
takes  into  account  the  inertial  resistance  of  the  wall  by  re¬ 
quiring  that  the  pulse  duration  exceed  Atc.  Zaker’ s  T’  corre¬ 
sponds  directly  to  At  ,  while  his  q  corresponds  to,  but  does 
not  equal,  pc,  unless  it  is  desired  to  underestimate  wall  resis¬ 
tance  in  the  interest  of  producing  conservative  results.  Typical 
values  of  these,  for  a  10  ft  by  16  ft  nonload  bearing  cinder- 
block  wall  xtfithout  orifices,  are  given  by  Sevin  (Ref.  2); 

qav  *  1‘3  Psi 

T*  =61  msec 

Since  the  static  load-deflection  curve  for  the  wall  requires 
3  psi  to  achieve  a  deflection  greater  than  1  in. ,  a  more  realis¬ 
tic  value  of  p^  would  lie  between  these  two  values,  say  at  2  psi. 
Since  T’  is  the  time  duration  of  qQv  required  to  produce  the  fail¬ 
ure  impulse,  it  should  be  shortened  in  proportion;  that  is,  using 
Zaker1 s  results  requires: 


PcAtc  -  T*  qav  -  failure  impulse/unit  area 


(B.I) 


A 
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Overall,  this  procedure  should  provide  a  slightly  conservative, 
result  (because  the  wall  may  be  counted  as  failed  even  if  the 
pressure  never  reaches  the  maximum  value  of  the  static  load- 
deflection  curve) ,  but  should  give  correct  order-of-magnitude 
values  to  the  parameters  in  a  very  simple  manner.  This  simpli¬ 
city  is  a  strong  motive  here,  since  each  wall  must  be  tested  on 
each  integration  step  of  the  interior  pressure-time  history  cal¬ 
culation. 

In  summary,  failure  of  the  wall  with  index  ij  is  assumed 
whenever 


pij(t)  -Pi-i,  j(c) 


>p  for  a  total  time  At>At 

-  1  c-  —  r 


(B.2) 


As  the  program  is  written,  this  At  may  be  accumulated  --  it  need 
not  be  a  continuous  interval,  but  may  be  several  intervals  of 
time  whose  total  length  exceeds  Atc.  It  is  not  anticipated  that 
this  difference  will  be  significant,  since  the  pressure  variation 
in  time  tends  to  be  monotonic,  so  that  it  is  unlikely  that  the 
rise-fall-rise  p(t)  required  to  fail  a  wall  in  this  mode  will 
ever  occur.  The  condition  (Eq.(B.2))  is  illustrated  in  Fig.  B.2. 


After  the  failure  impulse  has  been  delivered  to  the  wall, 
failure  is  modeled  by  removing  area  from  the  wall  as  described 
in  item  (d)  of  the  general  case  giving 


A  =- 
e 


‘ij  +fd  +  W  *  8  (t-^cl.f  toij)2/Hij}1(t*> 

L  J  (B. 3) 


where  Ag  is  the  effective  area  of  the  orifice  in  wall  ij  at 
time  t,  l(t  )  is  the  Heaviside  step  function,  and  tV  =  t-t 

~it:cij  »  with  toij  =  cinie  when  Pressure  difference  first  exceeded 
Pc-  This  is  illustrated  in  Fig.  B.3. 

B.4  FREE  FIELD  BLAST  WAVE 


Since  we  do  not  anticipate  use  or  this  analysis  at  overpres¬ 
sures  much  in  excess  of  30  psi,  we  employ  3rode's  shock  model 
(Ref.  A)  for  the  free  field  blast  conditions.  As  noted  at  the 
end  of  this  section,  this  same  model  can  be  used  to  fit  the  free 
field  curves  of  Ref.  5. 
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Orifice  Area 
Fraction 


Fig*  B.2  Failure  Criterion 


6 


Fig.  B.3  Failure  Mode 


Since  we  later  use  dimensionless  variables  for  the  jet  flow 
calculation,  Brode's  equations  are  slightly  rearranged  here  to  make 
them  dimensionless 

P  *  P+/ Pi  P  =  p+/pj  T  =  T+/T £  q  -  q+/a  j 

where  x  is  the  physical  variable,  and  x^  its  value  at  ambient  con¬ 
ditions;  a^  is  ambient  acoustic  velocity;  p,  p,  T,  q  are,  respec¬ 
tively,  absolute  pressure,  mass  density,  absolute  temperature,  and 
the  flow  speed  of  the  air.  In  this  notation,  the  static  (side-on) 
pressure  of  the  free  field  is  given  by 

p(t)  =  1  +  (144  OP/p1)(l-T)(ae“aT+be*’0T)  (B.4) 

where.  OP  is  the  overpressure  with  x  *  t/Dp;  time  (t_)  being  started 
at  blast  arrival,  Dp  being  the  duration  of  the  positive  overpres¬ 
sure  phase.  The  values  given  for  the  various  coefficients  in£q.(B.4) 
may  be  written  in  approximate  analytical  forms  when  0  <0P  <30  psi. 

-  0.2555  (OP)0*3455 
b  =  1-a  =  0.08  (OP) 1/3 
a  =  -0.00268 (OP) 2  +  0.1075 (OP)  -  0.0036 
0  =  2. 24 (OP)0*425 

The  same  form  may  be  given  to  the  dynamic  pressure  of  the  wind  in 
the  free  field 

pd(t)  =  Qs(l~*)2(0.88e~6u)  +  0.12e*^°)  (B.6) 

where  Qg  is  the  dynamic  pressure  just  behind  the  shock,  and  may  be 
obtained  from  the  Ranki.ne-Hugoniot  relations  as 

Qs  «  X0P/(27  +  (7-DXOP)  (B.?a) 


with  XOP  =  0P/(d^/144)  and  y  =  adiabatic  index  of  air  *  1.40; 
m  =  1  '"'ratio’  Tratio  =  =  0.82(OP)0-21’2 

6  -  0.357  (OP)0*80  d  »  5.33  (OP)0*587 
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Since  an  air  particle  undergoes  no  entropy  change  after  pass¬ 
ing  through  the  free  field  shock,  we  may  write  for  its  equation  of 
state  in  the  subsequent  motion 


<p/Pl>  =  (p/pj)7  e*p(- 


s2~si 


(B.8) 


where  s2  is  the  specific  entropy  behind  the  shock 


3  -S 

exp  — ~ — -  =  (1 +XOP)/(p2/p^) 


with 


p2  -  1  +  1/  [y/XOP  +  (7- 1)  / 2] 


from  the  Rankine-Hugoniot  relations.  Now  Eq.  (B.8)  can  be  used 
to  evaluate  p(t)  in  the  free  field,  and  free  field  velocities  may 
be  obtained  from  p(t)  and  pd(t) 

q(t)  =  (q+/aj)  -  Vap^OO/p^t)/^  =  V2pd(t)/7p(t)  (B.9) 

Equations  (B.4) ,  (B.6),  (B.8)  and  (B.9)  give  all  the  variables  in 
the  free  field  as  a  function  of  time. 

It  should  be  noted  thatEq.  (B.9)  ignores  the  compress ibility 
of  the  air  in  the  stagnation  process,  if  this  dynamic  pressure  is 
taken  equal  to  the  stagnation  pressure  which  is  measured  by  halting 
the  flow;  actually. 


Stagnation  p 


■f  ?  -y- 1  9  .7/7“l 

q  • 1 


for  a  steady  compressible  flow  with  Mach  number  M  and  an  isentropic 
stagnation  process.  Since  the  difference  between  pd  and  Pgtagnation 
is  only  27  percent  even  at  M=i,  and  we  expect  no  Mach  number,  larger 
than  one-half  in  the  overpressure  range  considered,  this  distinction 
has  been  ignored. 

The  following  is  included  only  to  list  the  precise  transforma¬ 
tion  of  the  free  field  Eqs.  (B.4)  and  (B.6)  to  the  form  given  in 
Ref.  5.  To  get 


"t/Dn  + 

p(t)  »  1  +  XOP  e  p  (1-t/Dp) 


(B. 10) 


set  parameters  equal  to; 

b  =  0;  ae1.0;  a^l.O;  3  =  0 


The  same  thing  may  be  done  with  pd(t)  as 


,  0  -2t/D„ 

Pd(t)  “  Qs(l-2t/Dp)'!e  p 


The  parameter  values  which  yield  this  expression  are 


Tratio  -  °*50 
Q/  =  Q./0.88 


(B.ll) 


6  =  1.0 

&  =  100. 

B .5  LOADING  ON  BUILDING;  EXTERIOR  DIFFRACTION 

When  a  plane  shock  wave  impinges  on  a  solid  object,  the  geom¬ 
etry  and  strength  of  the  wave  is  modified  by  the  flow  behind  the 
shock,  which  is  in  turn  determined  by  the  object's  shape.  If  the 
object  is  porous,  as  in  our  case,  this  further  complicates  the  prob¬ 
lem  of  estimating  the  diffracted  shock  and  its  associated  flow 
field.  Since  there  is  no  analytical  solution  to  this  diffraction 
problem,  it  is  necessary  ..to  construct  a  semierapirical  analytical 
model;  we  do  this  aere  by  retaining  only  those  details  which  are 
judged  to  be  absolutely  necessary ,  and  neglecting  the  remainder. 

On  the  front  of  the  building,  the  dominant  features  of  the 
shock  interaction  will  be  that  a  reflected  shock  is  formed  with  a 
strength  and  shape  determined  by  the  porosity  of  the  front  of  the 
building.  As  time  passes,  expansion  waves  from  the  edge  of  the 
roof  will  reach  this  shock  and  weaken  it,  until  it  ultimately  dis¬ 
appears.  After  it  has  been  eroded  away,  the  loading  or.  the  re¬ 
maining  walls  of  the  building  front  will  be  nearly  equal  to  the 
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stagnation  pressure  of  the  free  field  flow.  This  process  is  then 
characterized  by 

(a)  the  strength  of  the  initial  reflected  shock,  com¬ 
puted  in  Section  B.  6. 

(b)  the  time  for  the  reflected  shock  to  be  eroded  to 
zero  strength,  called  "diffraction  clearing  time. 

This  we  estimate  following  Ref.  5,  which  gives  the 
value 


td  =  3(BH-y)/Gff 

where  y  =  position  aboveground,  and  G^  =  free 
field  shock  speed. 


(B. 12) 


(c)  the  time  variation  of  the  pressure,  entropy,  and 
velocity  during  the  diffraction  clearing  process. 

We  follow  the  spirit  of  Ref.  5,  but  extend  phe  model 
to  include  entropy  and  velocity  by  postulating  lin¬ 
ear  time  variations  in  each  of  these  variables 


P(t)  =  P-  -  (Pr  '  Pff)t/td 


For  0  £  t  £  t. 


s-si  _  sf-Sl 


s  —  S  i 
r  1 


s2‘sli 


"v 


t 


q  =  qr  ~  (‘ir  ~£iff)t/td 


(B.13) 

(B.U) 

(B.15) 


where  subscript  r  refers  to  initial  reflected  shock, 
and  ff  to  free  field;  s2  is  free  field  entropy,  and 


s.  is  ambient  entropy. 


Also,  in  Eqs.  (B.13),  (B.14)  and  (B.15)  the  free  field  quantities 
are  evaluated  at  t  =  t:^  from  Eqs.  (B.4)  ,  (B.8)  and  (B.9).  The  re¬ 
sulting  diffraction  model  produces  the  curves  in  Fig.  B.4.  The 
three  Eqs.  (2.13),  (B.14)  and  (B.15)  are  mutually  inconsistent  in 
that  they  do  not  satisfy  the  Rankine-Hugoniot  relations  for  a  sin¬ 
gle  shock,  but  they  are  employed  because  it  is  not  felt  tb':**  any 
finer  detail  of  the  time  variation  is  needed,  since  td  will  b*»  very 
short  (£  100  msec)  for  reasonable  buildings  (buildings  where  the 
nearest  free  edge  is  under  50  ft  away/-  This  model  differs  from 
that  of  Ref.  5  in  having  the  initial  reflected  shock  of  strength 
significantly  less  than  the  fully  reflected  shock,  and  also  in 
specifying  entropy  and  flew  sj-eed  during  the  diffraction  process. 
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ree  field 


0  Cd  =  3(BH-y)/Gff 

Fig.  B.4  Diffraction  Model  on  Building  Front  at  Height  y  ■ 
(td  specified,  and  initial  reflected  shock  values 
Pr>sr>3v  computed  by  shock  penetration  analysis 
in  section  B.6) 


On  the  rear  of  the  building ,  the  first  disturbance  to  arrive 
at  any  point  may  be  a  shock  diffracted  around  the  edge  of  the  roof, 
moving  vertically  downward.  The  strength  of  this  shock  will  be 
less  than  free  field,  since  it  is  interacting  with  the  expansion 
waves  emanating  from  the  roof  edge.  This  shock's  side-on  pressure 
can  create  a  shock  in  the  building  traveling  ba ck- to- front ,  that 
is,  shock  penetration  can  occur  from  both  back  and  front  of  any 
floor.  After  some  time  has  passed,  this  shock's  overpressure  will 
rise  to  tne  free  field  level,  less  a  reduction  due  to  the  fact 
that  the  rear  wall  is  in  the  wake  of  the  building.  The  needed  fea¬ 
tures  for  the  rear  diffraction  model  are  then: 


§ 

£ 


(a)  the  time  of. arrival  to  the  diffracted  shock  at  a 
height  y,  which  we  take  to  be  the  time  required  to 
traverse  the  distance  over  the  building  and  down 
the  back,  moving  at  free  field  shock  speed  (thus 
neglecting  the  slightly  lower  speed  of  the  diffrac¬ 
ted  shock) 

tA  =  BL/Gff  +  (BH-y)/Gff  (B.16) 


if 


I 


(b)  the  strength  of  the  diffracted  wave,  which  we  have 
taken  to  be  25  percent  of  the  free  field  overpres¬ 
sure  (no  known  data  or  theoretical  estimate  of 
strength  of  shock  undergoing  90  deg  diffraction) 


rear 


=  1+ 0.25  (OP) /(Pl/ 144) 


(B. 17) 


(c)  the  diffraction  clearing  time,  for  the  side-on 
pressure  to  reach  free  field 

tdr  =  6(BH-y)/Gff 

(Reference  5  uses  4(BH-y)/G(>.  .) 

ZZ 

(d)  time  variation  of  p,s,q  during  diffraction;  this  is 
taken  to  be  linear  for  the  first  two,  and  q=0  since 
the  wake  is  forming  during  this  period 


(B. 18) 


^or  ~  ~  +  cdr 


P  ’ 

3-3 


prear  +  ^pff  ~  preaP  ^E>tA^,*dr 

2_ 


(B. 19) 
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q  =  0 


(B.20> 
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4fter  Che  diffraction  process  is  ended,  we  wish  a  realistic  model 
of  the  wake  which  takes  the  porosity  of  the  building  into  account, 
that  is,  which  raises  the  wake  pressure  as  the  flow  through  the 
building  increases.  Without  this  feature  *  the  interior  wind  speeds 
cannot  be  accurately  calculated,  so  the  extra  complication  compared 
to  the  simple  model  of  Ref.  5  is  necessary  to  our  purpose. 

A  second  complication  in  computation  of  the  rear  loading  is 
the  fact  that  the  wave  arrives  at  the  top  of  the  rear  at  rime 
so  that  rigorously,  the  free  field  pressure,  velocity,  etc.,  should 
be  evaluated  at  t-BL/G££,  rather  than  at  the  current  time  t.  We  do 
not  do  that  here  because  of  the  quasi-steady  flew  model  described 
in  Section  B.7,  which  requires  no  time  lag  for  consistency,  and 
also  because  this  will  usually  be  a  very  small  effect,  less  than 
5  percent  of  either  pressure  or  velocity.  Thus,  after  diffraction 
clearing  on  the  rear,  conditions  are  given  by 

(e)  static  pressure  variation  is: 

p  =  pf£(t) ,  from  £q.  (B.4)  (B.22) 

(f)  actual  pressure  applied  on  rear  walls  is  lower  than 
static  free  field  pressure  because  of  wake  deformation 

Prear(t)  "  Pff<c>  '  Pwake<t>  <B-23> 

with  the  wake  pressure  reduction  being  estimated  as 


“Pwake^  l^dff^  “  Pd^1 


with  pd  being  the  dynamic  pressure  of  the  outflow 
from  building  interior,  and  cd  =  dj;ag  coefficient, 
commuted  from  the  mass  flow  rata  (M)  out  the  rear 
orifice 


Pd(t>  =  i  Pff(t)[M(t)/pff(t)  AexCj2  sgn(M) 
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where  the  7  factor  appears  .because  of  the  nondimcn- 
sional  variables  and  sgn(M)  is  the  sign  of  M.  This 
factor  is  included  to  reflect  the  wake  pressure  re~ 

due  to  frow  jr-n|°  the  building  rear.  Combin¬ 
ing  these  express  1  ohs  gives 

FOr  t-cA  +  tdr:  Prear^  =  PffOO  +  CdPdff(t) 

cd 

-  T7  M|M|/(pffAJxt)  (B.24) 

r!?LeSerioruarea‘  Aext>  computed  as  the  average 
area  of  one  bay:  Aext=  BHxBW/ (NWxNS) ,  and  M  is  the 
result  of  the  interior  flow  computation  of  Section  B.7, 

Tha  rear  pressure  3iven  by  Eq.  (B.24)  differs  from  the  estimate  of 
Ref.  5  for  a  solid  building  (M  *  0)  because  Ref.  5  estimates 
cd  “  “0*4,  which  we  have  C-Vc-i  =  -1.0. 

,.h  *"A U  Can  be  seen  thar  Che  driving  force  for  the  flow  through 

-he  building  is  the  difference  in  pressure  between  front  and  rear 
which  we  have  taken  to  be,  after  diffraction  clearing 

Pdriving  ~  Pfront(t)"  Prear(c>  =  <l  '  c<j)  Pd(t)  +  p*(£) 

and  it  is  clear  that  the  transience  of  the  wind  in  the  interior  is 
reflected  only  by  the  p~  term;  that  is,  without  this  term  the  pres- 
sures  „ou.d  be  fixed  on  front  and  rear  by  the  blast  profile  alone, 

ng  17,:,"°  ',iffer6nCe  C°  eXC£ri0r  whether  the  buiid- 

g  had  solid. walls  or  no  walls  at  all,  while,  in  the  real  case 

the  pressure  relief  due  to  flow  through  the  building  can  be  quite 

significant .  This  is  reflected  by  phe  two  extreme  cases: 

S3  4 

dtffef  influence' “o^eom^on  this 

difference,  and  should  be  included  it  any^t^ev^k 

(>  serKirflr  ^  «*-«» 

Without  distortion.  Our  modef'd™^1  t^rtf^ont 
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of  the  tube  have  stagnation  conditions ,  with 
p  ■  Pff+pdff;  q=0 

and  that  interior  flow  consist  of  steady  isentropic 
expansion;  thus,  the  emerging  rear  jet  with 

P  =  Pff>  ^  -  ^ff 

wi;l  satisfy  both  the  interior  flow  equations,  and 
will  have 

*  -V 

pd  ~  2  pff 

so  that  the  wake  pressure  equal  to  free  field  is 
consistent ,  and  therefore  gives  the  steady  flow 
(asymptotic)  solution.  This  model  is  therefore  un¬ 
realistic  only  in  that  it  overloads  the  front  wall 
by  specifying  stagnation  pressure  on  its  upstream 
face;  all  other  pressures  and  velocities  are  free 
field. 

The  postulated  rear  loading  corresponding  lo  the  free  field  case 
shown  in  Fig.  B.4  is  sketched  in  Fig.  B.5. 

B.6  SHOCK  PENETRATION 

Our  aim  here  is  to  determine  the  approximate  strength  of  the 
shock  waves  which  penetrate  into  the  building  inferior,  given  the 
incident  shocks  on  front  and  rear  described  in  Section  3.5.  The 
exact  solution  of  this  problem  is  exceedingly  complex,  since  a  com¬ 
plicated  pattern  of  multiple  shock  appears  at  each  orifice.  We  do 
not  require  complete  details  of  this  early  time  pattern,  which  van¬ 
ishes  rapidly;  all  that  is  necessary  for  assessing  possible  transla¬ 
tion  of  occupants  due  to  aerodynamic  loading  is  a  reasonable  estimate 
of  the  strengths  of  the  dominant  shock  waves.  On  this  basis,  we  con¬ 
struct  a  simple  one-dimensional  model  to  estimate  the  strength  of  a 
single  wave  equivalent  to  the  actual  diffraction  pattern  of  waves, 
and  cite  the  detailed  experimental  confirmation  of  this  model  in 
Ref.  6.  The  cost  and  complexity  of  the  exact  solution  can  be 
inferred  from  Melichar’s  studies  of  a  single  chamber  problem  by  nu¬ 
merical  methods  (Ref.  7). 
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Our  model  is  taken  to  be  one -dimensional  by  the  argument  that 
the  initial  interaction  of  the  incident  shock  and  the  exterior  open¬ 
ings  of  the  building  can  depend  only  on  conditions  immediately  in 
front  of  the  openings:  there  is  no  coupling  between  floors  because 
the  shock  has  penetrated  before  disturbances  from  adjacent  floors 
can  reach  the  orifice.  Thus,  the  shock  propagating  through  a  floor 
behaves  exactly  as  if  it  were  in  a  tube  during  the  first  instants. 
Since  this  is  precisely  the  case  considered  by  Dadoni  &  Pandolfi 
(Ref.  6),  their  model  is  extended  and  used  for  the  analysis, 
and  their  extremely  good  agreement  between  the  measured  strength  of 
the  head  shock  wave  (indeed,  the  seeming  absence  of  significant  dif¬ 
fracted  waves  following  the  head  shock  wave)  and  the  one-dimsnsionally 
predicted  strength  are  taken  as  confirmation  of  the  precision  of  this 
simple  model. 

The  physical  elements  of  this  model  are  summarized  in  Fig.  B.6, 
which  shows  the  reflection-transmission  process  at  an  orifice  in  a 
tube  of  varying  area  across  orifices,  but  constant  between  them. 

This  latter  feature  is  needed  here  to  assess  the  amplifying  effects 
due  to  flow  blockage  by  building  frames  and  thickness  of  floor  slabs; 
these  effects  are  significant  for  realistic  geometry  of  buildings. 

Our  problem  is  to  determine,  for  the  tube  in  Fig.  B.6a  with 
area  fractions  aQ  (orifice  area /upstream  cross-sectional  area)  and 
(downstream  cross-sectional  area/upstream  cross-sectional  area), 
the  transmitted  shock  *tate,  (pt ,pt ,qt ,Tt) ,  and  the  reflected  shock 
state,  given  the  incident  shock  strength,  p^.  We  assume,  following 
Ref.  6  that 

(a)  conditions  are  uniform  in  (R) 

(b)  the  jet  is  formed  by  isentropic  expansion  from 
state  (R)  to  pressure  pc« 

(c)  the  contact  region  ©  is  uniform,  so  pc  =  pt.  This 
is  the  same  as  demanding  that  the  jet  deceleration 
from  ©  to  ©  is  isobaric,  i.e.,  a  constant  pres¬ 
sure  process. 

(d)  the  transmitted  shock  region  is  uniform. 
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With  these  assumptions ,  and  the  Rankine-Hugoniot  relations ,  we  may 
eliminate  all  the  variables  in  (£)  from  the  equations  of  flow,  and 
obtain  the  following  two  relations 


(SR-1)  (Ar/Aj)2  x^7-  Nr  x7‘1/7+  1  =  0 


l/2Cx(f7-x)2  -  f2  =  0 


(B.25) 


(B.26) 


where 

Nr  =  1  +  \  (7-1)  M  =  Mach  number  =  q/a 

AR,AT,At  =  cross-sectional  areas  upstream,  in  jet  and 
R  J  c  downstream,  respectively. 

A,  =  jet  area  at  vena  contracts  *  C  A  ,  with  Cc  =  cp- 
J  efficient  of  contraction. 

x  —  Pr^Pc 

c  -  (7-1)  a|NR(AR/At)2s=  <7'1>  mr  nr  ad2 

f2  *  Co(?r"x^2/(Pr',*»a2x) 

C0  -  S*2/CYfR»R) 

P2  =  (7-1)/ (7+1) 

Equations  (B.25)  and  (B.26)  are  to  be  solved  simultaneously  for  the  un¬ 
knowns  x  and  pp,  but  the  exponents  of  x  make  its  elimination  impos- 
sible,  while  and  TR  all  depend  on  pR  through  the  Rankine- 

Hugoniot  relations.  This  compact  form  of  the  relations,  however, 
allows  us  to  dispense  with  the  trial-and-error  approach  of  Dadoni 
&  Pandolfi,  and  perform  instead  the  following  systematic  iteration 

(a)  Prescribe  some  value  of  po  and  solve  the  Rankine- 
Hugoniot  rexations  for  Md,J$r,Tr_;  the  coefficients 
of  x  in  Eq.  (B.2&)  are  tnen  known. 

(b)  Solve  Eq.  (B.26)  numerically  for  the  correct  x 
corresponding  to  this  pR.  Physically,  this  rep¬ 
resents  a  solution  for  some  orifice,  but  not  neces¬ 
sarily  the  prescribed  one. 

(c)  Calculate  from  Eq.  (B._25)  the  exact  orifice  area 

corresponding  to  this  pR,  x  solution.  If  it  is  not 
correct,  make  a  linear  adjustment  of  the  trial  pr 
according  to  R 

Pr  =  Pi  +  (PR-Pi)(l-0)/a-ot)  (B.27) 
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where  crot  is  the  trial  orifice  area  corresponding  to 
pR,x  ana  where  pR  is  the  new  trial  value. 

To  compute  the  complete  shock  penetration  pattern  for  a  given  floor, 
the  possibility  that  the  shock  penetrating  from  the  rear  may  arrive 
first  must  be  considered.  For  our  purposes  it  is  sufficient  to 
treat  the  rear  diffracted  shock  as  though  it  were  incident  in  the 
plane  of  the  rear  wall,  rather  than  at  right  angles  to  it,  since 
the  strength  of  this  diffracted  wave  is  known  to  no  more  precision 
than  the  error  made  in  this  geometric  change.  Then  computation 
proceeds  as  outlined  above. 

The  computation  of  the  waves  actually  seen  by  occupants  of  the 
array  of  chambers  on  a  given  floor  then  proceeds  as  follows: 

(a)  Compute  the  incoming  shocks  from  the  front  of  the 
building,  with  each  interior  orifice  having  incident 
on  it  pt  of  the  previous  orifice. 

(b)  Compute  the  arrival  time  of  the  shock  at  each  ori¬ 
fice,  based  on  the  shock  speed  of  the  transmitted 
shock  from  the  previous  orifice: 

f  —  f  *  TIT  //rf  /  n  oo\ 


tf  ■  tf  +  RL-  ./G^  (B.28) 

Aij  Ai-l,j  ^  Ct-l,j 

where  the  i  superscript  refers  to  the  shock  coming 
from  the  front. 

(c)  Compute  the  arrival  time  of  the  wave  diffracted 
around  the  rear  of  the  building,  using  £q.  (B.16) 

(d)  Compute  arrival  times  of  shocks  penetrating  from 
the  rear  until  the  chamber  is  reached  in  which  the 
shocks  from  front  and  rear  meet. 

After  the  chamber  in  which  the  front  and  rear  shocks  meet  (con¬ 
fluent  chamber)  is  identified,  no  further  computation  of  the  rear 
shock  penetration  is  carried  out,  and  chambers  downstream  are  as¬ 
sumed  to  see  only  the  shocks  from  the  rear  and  their  reflections. 
The  rationale  underlying  this  procedure  is  that  each  chamber  can 
be  expected  to  see  at  most  the  incoming  shock  and  the  shock  reflec¬ 
ted  from  the  rear  wall  before  the  interaction  of  the  jet  flows  into 
and  out  of  the  chamber  with  the  shocks  reduce  the  shock  strength 
to  a  level  where  the  shocks  no  longer  contribute  significantly  to 
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the  aerodynamic  loading  of  occupants  or  structure.  Essentially 
the  same  arguments  hold  for  the  confluent  chamber;  after  .the  two 
shocks  meet  head-on  and  interact  with  each  other,  they  meet  the  op¬ 
posing  jet  flews  and  are  weakened. 

B.6.1  Shock  Impulses  on  Occupants 

Now  that  the  shocks  traversing  each  chamber  are  specified,  we 
may  estimate  the  aerodynamic  load  they  exert  on  occupants.  We  take, 
for  simplicity,  the  case  of  the  occupant  being  a  rectangular  solid, 
with  the  shock  incident  parallel  to  one  face  of  the  solid,  as  in 
Fig.  B.7.  When  the  shock  strikes  this  object,  the  front  will  be 
subjected  to  time-varying  pressure  during  the  diffraction  process , 
and  the  rear  will  see  the  disturbance  only  after  l/Q  lag  for  the 
shock  to  overrun  the  whole  object.  We  consider  no  spatial  distrib¬ 
ution  of  pressure  on  the  front  and  rear,  as  we  did  for  the  building, 
because  the  times  are  so  short  here,  and  because  the  precision  of 
this  procedure  is  already  compromised  by  the  shape  considered.  Thus, 
back  and  front  are  assumed  to  ''see"  the  pressure  histories  in 
Fig.  B. 7b  whore  back  and  front  have  equal  clearing  times,  3w/G, 
and  the  rear  pressure  (average  over  whole  back  face)  starts  with 
initial  value  2ero.  The  net  impulse/unit  area  applied  to  the  solid 
will  be  the  pressure  difference  between  front  and  rear  integrated 
up  to  the  time  when  this  difference  goes  to  zero;  this  is  just  the 
area  between  the  two  curves  in  Fig.  B.7b,  and  has  the  value 


3  P>-+Pi  Pi  r  r 

1  =  j  --~g  w  +  1  =  dJ  w  +  i 


(B.29) 


This  calculation  is  carried  out  once  for  the  transmitted  wave,  and 
once  for  the  reflected  wave  in  each  chamber ,  with  the  reflected  wave 
impulse  given  a  negative  sign,  yielding  the  final  form 


Di  ■  A -4 


so  that 


*net  Di  w  4  D2i 


(B.30) 


3  n.  - 


where  D-^  and  Dy  Co  not  depend  on  ^  or  w,  so  that  computation  of 
these  diffraction  coe  ricients  allows  the  effect  of  different  ori¬ 
entations  of  the  solid  to  be  crudely  taken  into  account,  by  assign¬ 
ing  values  to  (i,w,h).  Since  the  reflected  wave  must  be  stronger 
than  the  incident  wave  in  each  chamber,  the  sign  of  the  diffraction 
coefficients  will  be  opposite  to  that  of  the  shock  speed.  If  the 
shock  penetrates  from  the  front ,  the  net  shock  impulse  will  be  di¬ 
rected  to  the  front,  and  shocks  incoming  from  the  rear  tend  to 
propel  the  occupant  to  the  rear.  The  velocities  imparted  by  the 
shocks  are  significant  5 fps)  for  overpressures  £  30  psi,  but  not 
sufficient  by  themselves  to  cause  serious  injury,  and  actually  seem 
to  represent  a  safety  factor,  since  they  tend  to  oppose  the  motion 
of  the  wind  foilwing  the  shock.  Finally,  the  special  case  of  the 
confluent  chamber  is  treated  as  though  the  shock  incoming  from  the 
rear  is  the  reflected  shock,  and  the  same  computation  is  carried 
out  as  in  any  other  chamber. 

B.6.2  Destruction  of  Walls  by  Shocks 

According  to  our  one-dimensional  model,  the  wall  containing 
the  orifice  (Fig.  B.6)  will  see  a  pressure  difference  of  p{?-pfc 
across  it  until  the  reflected  wave  from  the  next  orifice  downstream 
returns  to  the  downstream  side  of  the  wall,  or  an  expansion  wave 
reaches  it  from  upstream.  Because  of  the  destruction  of  the  re¬ 
turning  reflected  shock  by  the  jet  through  the  orifice,  this  wave 
is  not  expected  to  actually  reach  the  wall;  therefore,  we  prescribe 
the  duration  of  this  pressure  difference  to  be  twice  the  transit 
time  of  the  transmitted  wave  into  the  next  chamber 


cdur- .  ^ 


it.  -  t.  I 

A* *  A • » i  . 
l+l 


3-J 


(B.31) 


where  tdur .  is  the  time  wall  (ij)is  exposed  to  the  pressure  differ¬ 
ence.  If  this  pressure  difference  and  duration  are  sufficiently 
large,  the  wall  fails  by  Eq.(B.2). 


The  various  special  cases  of  the  confluent  chamber's  walls, 
the  rear  exterior  wall,  and  walls  without  orifices  are  explained  in 
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subsequent  sections;  they  differ  only  in  the  manner  in  which  dura¬ 
tion  is  assigned  to  the  shock  load. 

This  completes  the  direct  effects  attributed  to  shock  penetra¬ 
tion;  in  summary,  this  analysis  provides: 

(a)  ArrivA  1  tiBSS  £ fl£  f-he  blast  disturbance-.at  var-ipus 

points  in  the  building.  The  precision  of  these 

tiroes  is  of  some  importance,  because  the  buildup  of 

pressure  and  wind  speed  in  the  interior  is  quite 

sensitive  to  them,  as  can  be  seen  in  the  effect  on 

wall  failures,  which  require  duration  of  load  to 

exceed  At  . 

c 

(b)  Shock  impulses  on  occupants.  Note  that  these  do 
not  include  any  dynamic  pressure  terms,  because 
these  terms  are  taken  into  account  by  the  jet  flow 
analysis  of  the  next  section.  Including  them  here 
would  double  count  them  in  the  routine  which  com¬ 
putes  translation  of  occupants. 

(c)  Wall  failures.  For  most  walls,  the  shock  loads  will 
be  the  most  severe  in  the  entire  loading  history, 
because  the  jet  flows  very  rapidly  equalize  pressures 
across  them.  The  exceptions  are  the  special  cases 

of  confluent  chambers  and  exterior  walls,  which  may 
undergo  more  severe  loading  due  to  the  jet  flows. 

E. 7  CHAMBER  FILLING  BY  JET  FLOW 

■  ■■  —  ■  »  tr>  ■  -  ■  . . .  .»■■■■  — — — — 

This  portion  of  the  analysis  is  the  most  complex  in  our  model, 
yet  is  more  severely  simplified  than  cny  other;  that  is,  while  we 
retain  many  features  of  the  exact  solution,  we  neglect  more  than 
we  retain. 

The  first  simplifying  assumption  we  make  is  that  the  filling 
process,  that  is,  the  increase  of  the  chamber’s  pressure,  density  and 
temperature  due  to  the  jet  flows,  can  be  uncoupled  from  the  shock 
penetration  solution,  except  that  the  shock  arrival  times  are  used 
to  switch  on  the  jets.  The  fact  that  only  the  region  behind  the  con¬ 
tact  discontinuity  can  be  reached  by  the  jet  flow  is  ignored,  and 
we  assume  that  the  whole  chamber  has  a  uniform  pressure,  temperature, 
and  density  at  each  time  step. 

Specification  of  a  spatially  uniform  density  in  the  chamber 
forces  us  to  specify  the  velocity  as  a  function  of  position  if  mass 
is  to  be  conserved  in  the  chamber.  If  we  demand  only  that  the 
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velocity  be  in  the  x-directior.  and  that  it  depend  only  on  x,  the 
result  is  a  lii'.^-ar  distribution  of  velocity  from  front-to-rear . 

This  linear  dependence  of  velocity  on  position  is  the  simp).est  pos¬ 
sible  for  conservation  of  ness ,  but  it  does  violate  the  kinematic 
boundary  condition  at  the  two  end  walls  of  the  chamber  (that  is, 
the  air  particles  have  a  nonzero  velocity  normal  to  the  end  walls, 
so  that,  physically,  this  solution  would  mean  air  is  penetrating 
the  walls).  This  in  turn  can  only  be  removed  by  making  the  veloc¬ 
ity  a  function  of  (y,z)  as  well  as  x,  that  is,  by  prescribing  some 
two-  or  three-dimensional  structure  to  the  velocity  field  in  the 
room.  For  this  first  effort,  the  cost  of  incorporating  such  an  an¬ 
alysis  was  not"  deemed  proper,  since  we  can  globally  conserve  mass 
and  energy  with  our  present  one-dimensional  model,  so  we  retain  as 
our  second  assumption  the  specification  that  the  velocity  vector  _*s 
given  by 

■q  =  (x)  ,0  ,0 j  (B.32) 

which,  along  with  the  uniform  density  assumption,  means 


q(x)  *  q*  -  (qr-qj  x'L 


(B.33) 


where  qf  and  q_  are  the  velocity  at  the  front  anc!  rear  wails  re- 
specitvely,  and  x  is  measured  from  the  front  of  the  chamber,  which 
has  length  L. 

This  reduces  our  mathematical  problem  for  each  chamber  to  find¬ 
ing  values  for  the  unknowns  (p,p,T,q£,qr) ,  a  total  of  five  functions 
of  time.  The  driving  force  which  changes  these  values  Is  the  jet 
flow  into  the  chamber,  driven  by  the  pressure  differences  across 
the  orifice  in  the  wall,  so  we  next  construct  the  jet  flow  model. 

The  flow  across  any  orifice  will  be  dictated  by  the  two  cham¬ 
bers  which  it  separates,  so  only  the  pressures,  etc.,  of  these  two 
chambers  will  appear  in  the  equations  for  mass  and  energy  flux 
through  the  orifice.  The  model  for  the  jet  which  forms  is  the  same 
as  was  used  in  Section  B.6  for  the  connection  between  reflected  and 
transmitted  shocks,  that  is: 

(a)  The  flow  from  the  source  (=  higher  pressure  chamber) 
is  isentropic  to  the  jet.  The  point  of  origin  of 
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Finally,  the  total  mass  flux  into  the  chamber  is  then 


*  “  <P  qJ>  AijCc. -WijHij  ^pq)J  aoi.WijHij 


(B.36) 


and  has  dimensions  of  length  squared  because  of  the  multiplication 
by  the  upstream  wall  area.  The  sign  of  M  and  qj  is  positive  if 
flow  is  from  chamber  i  to  i+1;  negative  for  reverse  flew. 


Now  that  we  have  values  for  the  flux  chrough  the  orifices  in¬ 
to  a  chamber,  we  need  to  estimate  the  effect  on  the  state  of  the 
chamber.  For  the  net  mass  flow,  this  is  simple,  since  conservation 
of  mass  requires 


Pi  j  ”  dPij  /dt  =  al  "  *out>  /vi  j  (E  ‘ 37) 

where  is  the  volume  of  the  chamber,  Ry  xvtf  —  xRL^-.  To  obtain 
pressure  or  temperature,  something  must  be  assumed  about  the  ther¬ 
modynamic  process  undergone  by  the  particles  after  they  enter  or 
leave.  In  the  case  of  particles  leaving  the  chamber,  the  effect 
on  the  chamber  is  taken  to  be  consist  \t  with  the  isentropic  for¬ 
mation  of  the  jet: 


(a)  There  is  no  significant  flow  between  stories  or  side- 
to-side  within  the  story. 

(b)  Outflow  produces  an  isentropic  expansion  of  the  con¬ 
tents  remaining  in  the  chamber 


Moui:al 

pij  Vij 


(B.38) 


(c) 


Inflow  is  "smeared  out"  over  the  entire  chamber  vol¬ 
ume  instantaneously  as  it  enters.  This  has  already 
oeen  implicitly  assumed  for  mass  in  Eq.(B.37). 

If  the  flow  is  energy  conserving,  this  gives 


/pij  ■  a  1  J  /Tij  >  <‘  -M Pij 'p.  >*!»/  (FijV,  j )  (8 


•) 


(d)  The  total  pressure  change  instantaneously  is  the  sum 
of  the  right-hand  sides  ofEqs.(B.38)  and  B.39) 


««*»£*  ?*&*%'-rsf-^ 
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Equations  (B.36),  (B.37)  and  (B.40)  are  essentially  the  forms  used 
in  the  numerical  computation,  except  that  the  mass  flux  terms  H 
are  written  as  FMF  (front  mass  flux)  and  RMF  (rear  mass  flux)  so 
that,  at  each  step  of  the  computation,  only  RMF  need  be  calculated, 
FMF  having  the  same  value  as  RMF  of  the  previous  chamber. 

The  actual  computation  consists  of  integrating  Eqs.  (B.36) 
and  (B.40)  by  a  fourth-order  Runge-Kutta  method,  with  the  velocity 
assigned  to  the  chamber  at  each  subinterval  being  evaluated  on  the 
basis  of  the  previous  subinterval *s  mass  flux  values 


qij(t-wtn)  “ 


(FMF^Ct-Kit,.!)  -  «MFii(t+dtn.1)) 


!p. . (t+dt  .)W. -H-  - 
n-1'  lj  i] 


(B.41) 


where  t  is  the  time  at  the  beginning  of  the  integration  step,  and  dt 
are  the  four  Runge-Kutta  subinterval  steps:  -[dtnj  = -[0,At/2 ,At/2 ,ATj. 
This  is  the  numerical  inertia  referred  to  above.  After  an  integra¬ 
tion  step  is  completed,  this  time  lag  is  wiped  out  before  beginning 
the  next  step;  this  is  done  by  calculating  q.^  on  the  basis  of  the 
pressures  assigned  by  the  just -completed  step.  This  process  is 
iterative,  since  it  involves  determining  a  set  of  values  which 
are  consistent  for  every  chamber  of  the  floor  j . 

B.7.1  Wall  Failure 

During  each  integration  step,  the  current  size  of  the  orifice 
is  computed;  if  the  wall  has  not  yet  failed,  the  pressure  difference 
across  the  wall  is  tested,  and,  if  it  exceeds  pc,  the  time  increment 
is  added  and  retained  for  that  wall.  When  the  accumulated  time  ex¬ 
ceeds  Atc,  the  wall  is  counted  as  failed. 

B . 7 . 2  Approach  to  Steady  State  plow 

After  all  the  chambers  of  the  floor  have  filled,  the  flow 
through  the  floor  is  essentially  steady,  varying  with  the  time  scale 
of  the  free  field.  The  chambers  of  the  floor  in  this  configuration 
will  differ  in  pressure  by  an  amount  required  to  produce  an  isen- 
tropic  jet  at  front  and  rear  with  equal  mass  fluxes;  the  sume  of  the 
pressure  drops  from  front-to-rear  on  the  floor  will  be  such  that  the 
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wake  pressure  satisfies  Eq.  (E.24).  This  steady  solution  is  not 
physically  defensible,  and  arises  only  because  of  the  assignment  of 
a  single  pressure  to  the  whole  chamber,  whereas  in  the  actual  flow, 
there  is  a  pressure  rise  from  the  jet  to  the  middle  of  the  room 
into  which  it  flows,  due  to  the  deceleration  of  the  flow.  This 
pressure  rise  is  negligible  in  the  filling  calculation,  because  the 
room-to-room  variation  in  pressure  is  much  larger  than  this  pressure 
rise,  but  it  must  be  taken  into  account  during  the  steady  flow,  at 
which  time  it  is  the  same  order  as  the  room-to-room  variation. 
Therefore,  the  steady  flow  which  evolves  from  the  filling  calcula¬ 
tion  is  nonphysical:  the  correct  steady  solution  is  analyzed  in 
Section  B.9. 


If  the  governing  Eqs.  (B.36)  and  (B.40)  are  made  fully  dimen¬ 
sionless  by  factoring  the  area  factors  of  the  M  terms,  they  may  be 


put  into  the  form 

r(A.  /A,  )  F<i-l,j>  -  F(i,j)l 

L  i-l.j  ij  J 

r(A  /A,  )  G(i-l,j>  -  G(i,j)| 

L  ij  J 


•°ij  *  Bij 


Pij  “  Bij 


where 


B_-  .  =  a,an  / L_. . ;  dimensions  (time) 
■•-j  1  °ij 


-1 


(B.42) 

(B.43) 


F,G  =  the  dimensionless  thermodynamic  functions  at  the 
orifice  whose  indices  appear.  These  functions 
contain  only  the  pressure  and  density  ratios , 
and  no  geometric  terms. 


It  is  clear  that  the  geometry  of  each  chamber  is  described  by  only 

two  numbers  in  our  model;  the  values  of  B,- -  and  (A,  /At.  );  the 

Jl-l  j  Jij 

significance  of  the  area  ratio  is  obvious,  but  B^  has ’been  Inter¬ 
preted  in  two  ways : 


(a)  a  /L- .  -  A,  ,/V- . ;  the  area-to-volurae  ratio  used 
XJ  Jij  1J 

as  a  separate  parameter  in  BRL  literature  (Refs.  8 
and  S) .  Only  the  dimension  Lj;  really  plays  a  role 
in  the  one-dimensional  model,  however,  so  it  is  per¬ 
haps  more  pertinent  to  not  introduce  any  implicit  gen¬ 
erality  (appli cation  to  two-dimensional  or  three- 
dimensional  flows)  by  writing  this  as  area -to- volume 
here. 
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(b)  ax^ii  =  ti1118  required  for  a  pressure  pulse  to  tra- 
verseJthe  chamber  in  the  flow  direction,  under 
ambient  conditions.  It  is  to  be  expected  that  the 
one-dimensional  model  will  provide  an  estimate  for 
filling  time  which  is  some  multiple  of  this  physic¬ 
ally  significant  characteristic  time.  The  aoij 
factor  indicates  that  filling  time  will  in  fact 
be  some  multiple  of  B*  j  ,  inversely  proportional  to 
aoij-  The  filling  times  given  by  Ref .  5,  which 
are  2Lxi/Gff,  contain  this  pressure  dependence  of 
Gff ,  ar.a  scale  dependence  in  the  Lij  term,  but  lacks 
the  ar.ea-volume  ratio  dependence,  which  accounts 
for  orifice  size. 

In  summary,  our  results  have  the  same  suggestive  form  as  those  of 
Refs.  5,8  and  9,  namely,  we  give  filling  times  as  multiples  of  a 
physically  meaningful  characteristic  time,  and  we  include  also  the 
scaling  term  of  volume- to-area  ratio. 

B.8  SUMMARY  AND  DISCUSSION  OF  INPUTS  GOVERNING  DIMENSIONLESS  NUMBERS 

The  dimensionless  form  of  the  chamber  filling  equations  in 
Section  B.7  makes  it  clear  that  the  geometry  of  a  chamber  is  char¬ 
acterized  by  only  two  numbers ,  B^j  and  (Aj .  . /Aj  ) ,  and  there¬ 

fore  provides  the  most  efficient  way  of  choosing  inputs  to  the 
program  to  uncover  the  full  range  of  phenomena  which  the  model 
possesses.  Therefore,  the  dimensionless  numbers  governing  the 
whole  model  are  collected  in  Table  B. Iso  that  the  full  set  of  in¬ 
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puts  can  be  conveniently  chosen. 

The  governing  dimensionless  numbers  are  specified  in  two  ways; 
first,  those  which  are  input  as  data  to  the  program  (Input  Dimen¬ 
sionless  Numbers  in  the  table) ,  and  those  which  are  assigned  values 
in  the  program  itself  (Arbitrary  Program  Constants  in  the  table). 

As  noted  in  the  footnote,  this  latter  set  is  incorporated  in  such 
a  way  that  the  value  may  be  changed  if  new  data  is  found  which 
suggests  revision  is  needed,  usually  by  the  substitution  of  a  sin¬ 
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gle  card  in  the  program. 
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Each  entry  in  the  table  is  chosen  so  that  it  is  both  indepen-  j 

dent  of  the  other  dimensionless  numbers  (as  required  by  the  Bucking-  f 
ham  Pi-Theorem)  and  so  that  its  value  has  a  simple  physical  meaning,  -J; 
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Vena  contracta  coeffi 
cient  of  contraction 


Thus,  the  ratio  of  rear  arrival  time  to  diffraction  clearing  time 
indicates  whether  the  blast  reaches  the  rear  in  time  to  interact 
with  the  diffraction  loads  on  the  front  (value  of  the  ratio  less 
than  1  indicates  that  it  does) ,  and  the  fact  that  the  ratio  becomes 
a  purely  geometry  quantity  ir  our  model  indicates  that  only  the 
ratio  BL/(BH-y)  is  significant  in  choosing  overall  configurations . 
Said  in  another  way,  the  implication  is  that  the  same  N-story  con¬ 
figuration  will  have  exactly  the  same  solution  whether  it  is  placed 
on  the  ground  or  on  top  of  a  multistory  building,  so  that,  by  an¬ 
alyzing  a  10-story  configuration,  we  obtain  solutions  for  the  same 
internal  configurations  for  floors  in  one-story,  two-story,  etc., 
buildings.  This  is  not  a  minor  savings  in  light  of  the  fact  that 
office  buildings  do  indeed  tend  to  have  the  same  internal  configura¬ 
tion  regardless  of  the  number  of  stories  (after  two) ,  and  so  do 
dormitory-apartment  buildings,  according  to  the  NFSS  data.  Thus, 
the  response  of  a  whole  city  full  of  two  to  10-story  office  build¬ 
ings  can  be  obtained  from  one  10-story  run  of  program. 

The  next  input  variable,  A^/t^,  is  a  measure  of  whether  or 
not  the  wall  can  fail  before  diffraction  clearing  occurs  (value 
less  than  unity  indicates  it  does),  and  therefore,  whether  the  wall 
is  subjected  to  significant  load  durations  above  free  field  over¬ 
pressure.  The  same  sort  of  interpretation  is  attached  to  p  /p° 
which  indicates  with  a  value  greater  than  unity  whether  or  not 
there  is  any  pressure  possible  capable  of  failing  the  wall;  small 
values,  of  course,  indicate  that  the  wall  is  likely  to  be  failed. 

The  final  wall  failure  dimensionless  number,  2H(gD2)  ,  indicates 
by  a  value  order  unity  that  the  blast  has  essentially  passed  over 
before  the  wall  is  removed  from  the  flov/,  and  therefore  leads  to 
the  conclusion  that  the  wall  has  been  effective  in  protecting  the 
occupants  from  free  field  winds  even  though  it  has  failed  struc¬ 
turally. 

The  filling  dimensionless  number,  tr/tdf,  will  have  a  Value 
near  unity  in  those  cases  where  the  filling  process  has  been  driven 
by  the  diffraction  model  pressures,  rather  than  free  field.  If  the 
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value  is  very  much  smaller  than  unity,  the  indication  is  that 
greater  detail  should  be  added  to  the  diffraction  model's  time 
dependence;  a  value  much  larger  than  unity  would  imply  that  dif¬ 
fraction  could  be  ignored,  and  filling  computed  from  free  field 
conditions. 

B.9  STEADY  STATE  FLOW  THROUGH  THE  BUILDING 

The  previous  sections  have  analyzed  the  flows  in  the  building 

during  the  early-time  phases  of  blast  loading,  when  the  driving 

force  was  the  large  pressure  differences  between  chambers.  These 

pressure  differences  are  reduced  to  small  values  as  each  chamber 

fills  in  its  characteristic  time  t_;  since  t_/D^~0.001,  it  is  to 

F  F  p 

be  expected  that  the  whole  process  will  have  ended  for  the  building 
long  before  the  blast  loading  has  passed;  that  is,  the  whole  fill¬ 
ing  process  will  pass  in  a  time  order  of  which  is  still  much 

.4-  r 

less  than  Dp,  since  NB  <10  in  most  cases. 

After  this  time  has  passed,  the  character  of  the  flow  is  much 
different,  with  the  chambers  no  longer  serving  as  significant  sources 
and  sinks  of  mass,  but  the  flow  being  essentially  steady,  so  that 
the  algebraic  continuity  equation  replaces  the  differentia]  equa¬ 
tions  of  filling  (Ms_  is  the  mass  flux  through  story  j) 


S  pij  qij  Hij  Wij 


(B.44) 


and  the  pressure  differences  between  chambers  will  now  be  due  sole¬ 
ly  to  the  dissipation  occurring  at  the  orifices 


pfront(c)  ~ 


Praar^ 


NB*! 

r 

L.  ^ij 

i=l 


(B.45) 


where  Ap^  is  the  pressure  drop  across  orifice  ij  due  to  dissipation. 

The  problem  now  is  to  determine  an  appropriate  model  for  the 
dissipative  pressure  drops;  once  this  is  fixed,  Eqs.  (B.44)  and 
(B.45)  are  sufficient  to  determine  the  flow,  if  we  consider  the  fluid 
incompressible  at  this  stage 


PijCO  -  Pff(c) 


(B.46) 
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As  emerges  later,  the  velocities  to  be  expected  in  the  flow  are  a 
great  deal  smaller  than  sonic,  so  Eq.  (B.46)  is  fully  justified 
on  physical  grounds,  and  of  great  usefulness  in  simplifying  the 
analysis. 

The  dissipation  model,  then,  is  the  standard  model  of  incom¬ 
pressible  hydraulics,  so  we  replace  the  momentum  and  energy  equa¬ 
tions  with  the  modified  Bernoulli  equation 


p/pg  +1/2  q2/ g  =  pff/pg  +  Cff/2g  -  \ 


CB.47) 


where  h^  is  the  "head  loss"  due  to  dissipation  between  the  free 
field  source  of  the  fluid  particle  and  its  present  position;  this 
loss  is  conventionally  represented  in  terms  of  the  velocity  head 
multiplied  by  an  experimentally  determined  loss  coefficient 


\  ”  kL^2/2« 


(B.48) 


Thus,  our  problem  reduces  to  assigning  realistic  values  to  for 
each  orifice,  since  the  losses  in  the  room  interiors  are  negli¬ 
gible  compared  to  those  of  the  orifice. 

Consider,  then,  a  single  orifice,  with  upstream  flew  at  speed 
q  over  an  area  A,  which  passes  through  an  orifice  of  area  A  ;  the 
flow  will  have  the  general  configuration  shown  in  Fig.  B.8.  This 
flow  has  nonzero  losses  only  because  it  is  viscous,  so  these  losses 
are  represented  as  functions  of  orifice  size  (AQ/A)  ,  Reynolds' 
number  (qjVA^/v)  ,  with  v  =  kinematic  viscosity  of  the  flow,  and 

or^^ce  geometry.  Values  for  standard  geometries  are  presented  in 
any  hydraulics  text. 

The  flow  in  Fig.  B.8  differs  in  two  respects  from  the  ideal¬ 
ized  one-dimensional  flow;  first,  in  that  a  vena  contracts  forms, 
making  the  jet  area,  Aj,  smaller  than  the  geometric  opening  area, 
^o*  second.  in  that  the  flow  is  dissipative.  Corrections  for  these 
two  effects  are  made  by  introducing  a  coefficient  of  contraction, 

Cc  ”  Aj/Ao  and  a  coefficient  of  velocity,  Cv  -  qJactual/qj  c  , 

where  qj  c  is  the  speed  of  the  jet  if  it  has  area  A  but  disvsipa- 
tion  is  is&ored. 


sharp-edged 


round-edged 


short  cube 


Fig,  B.9  Nominal  Correction  Coefficients 


Ins  terms  of  these  coefficients ,  -he.  head  loss  is 


hx 


vP“PT  VpS  +  )/2S 

‘'act  act 

=  +  (i-A2/A2)(l-l/C2)(q2  /2g) 

J  v  Jact 


(B.49) 


*4. 


At  large  Reynolds  numbers  (greater  than  10  ;  typical  value  for  a 
2  ft  window  with  100  fps  velocity  is  10^)  ,  these  coefficients  are 
independent  of  Reynolds  number,  and  depend  only  on  the  size  and 
geometry  of  the  orifice.  Values  for  a  few  standard  geometries  are 
given  in  Fig.  B.9.  If  we  arrange  Eq.  (B.49)  into  a  more  conven¬ 
ient  form,  based  on  upstream  velocity  (chamber  velocity)  we  get 
(using  Eqs.  (B.44)  and  (B.46) 


hj,  -  -(AZ/lCcA0]2-  lXl-l/c‘)<q‘/2g> 


/^2> 


(B.50) 


and  we  can  then  write,  using  Eq.  (B.24)  for  the  pressure  in  the 
wake  of  the  building  (see  Fig.  B.1G) 
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1-2  =  pff~p2  +  qff~q2  „ 
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where 


pd2 


1 

2  P92 


Now  Eqs.  (B.45)  and  (B.50)  give  for  this  head  loss 
NB-rl  9 

hi'2  =  -  I  <A2/  [CcAo]  -Oij  (1'1/CV; .)  (,i-l,j/2g> 
1=1  ^ 


(B.52) 


if  the  dissipation  occurring  in  the  room  exterior  is  ignored  com¬ 
pared  to  that  caused  by  the  orifice,  an  assumption  which  should  be 
justifiable.  The  flow  through  each  story  is  now  determined  by 
solving  the  equation  obtained  by  equating  the  right  hand  sides  of 
Eqs.  (B.51)  and  (B.52). 
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Example:  Suppose  we  have  the  configuration  shown  in  Fig.  B.ll:,  with 
all  chambers  having  A/Aq  -  same  value,  so  that  continuity,  Eq*  (B.44) 
gives  all  chamber  velocities  =  the  wake  velocity.  If  each, 
orifice  also  has  the  same  values  of  Cc  and  Cv,  we  get 

<1-cd><Pd£f-!’d2>  -  •(SB+1>(1 7TP  -D0-^)Pd2 


from  Eqs.  (B.51)  and  (B.52) 
pd2  = 


lCcAJ 

multiplied  through  by  pg. 
1 


Thus 


<i/c;-i)  (a2/[c  A  ]2-l) 

1  +  (NB+1)  - V  -  (1-CKC  °J - 


pdff 


(B.53) 


Equation  (B.53)  allows  us  toestimate  the  order  of  magnitude  of  the 
interior  dynamic  pressure  as  a  fraction  of  the  free  field  for  some 
typical  values  of  the  parameters.  Suppose  that  we  consider 

NB  =  5  (typical  4~ to  10-story  office  or  dormitory) 
a/Aq  =  4  (typical  of  present  architectural  practice) 

Our  solution  now  is  dependent  on  our  precision  in  assigning  values 
to  three  parameters:  Cd,  the  wake  drag  coefficient;  Cc  and  Cy, 
dependent  on  orifice  details.  The  extreme  choices  of  these  yield: 

(a)  Most  severe  possible  interior  wind: 

Cd  -  -1  (assumed  in  Section  B.5) 


Cv  =  0.98 

C  =  1.00 

c 


Rounded  edge  in  Fig.  B.9 


Then  Eq.  (B.53)  gives 
pd2  =  pdff/2*80 

(b)  Least  possible  interior  wind: 

Cd  -  -0.40  (assumed  in  Ref.  5) 


(B.54) 


Cv  =  0.80 

C  =  1.00 

c 


Short  tube  in  Fig.  8.9 


These  values  yield: 


pd2 


dff 


/36.2 


(B.55) 
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Thus  the  conclusion  is,  that,  in  light  of  the  possibility  that 
three  parameters  can  be  chosen  plausibly  and  still  give  order-of- 
raagnitude  differences  in  the  chamber  p^,  there  is  little  point  at 
this  time  in  any  more  refined  analysis  of  this  model  until  some¬ 
thing  more  is  known  about  the  details  of  the  orifice  flows. 


Although  the  actual  geometry  of  the  orifices  which  exist  in  a 
particular  structure  will  control,  to  some  extent,  the  late  time 
interior  velocity  field  we  must  of  necessity  establish  some  "most 
probable"  values  for  these  flow  coefficients.  Such  an  approach 
would  be  reasonable  in  many  cases  because  such  details  of  the, 
geometry  will  either  not  be  specified,  or  if  known,  their  applica¬ 
tion  to  such  an  idealized  model  would  be  inconsistent  with  the 
neglect  of  other  geometric  features  of  the  overall  structure. 

The  exterior  and  interior  building  openings  will  generally 
not  be  of  the  round  edge  type.  Rather  they  will  be  somewhere  be¬ 
tween  those  of  the  round  edge  type  and  the  sharp  edge  type.  Thus 
we  have  selected  a  value  of  0.8  for  Cc  as  being  a  most  probable 
value.  The  short  tube  geometry  is  uncommon,  especially  in  a  series 
configuration.  We  have  therefore  selected  a  value  of  0.98  for 
the  most  probable  value  of  Cr*  This  value  is  realistic  and  rep¬ 
resents  a  practical  value  for  current  applications  of  the  flow 
model.  Finally,  a  value  of  -1  for  Cj  is  a  better  established 
value,  especially  for  structures  with  sharp  corners  so  that  its 
use  should  also  be  adopted.  Using  these  most  probable  values  yields 


pd2 


Pd  /3.4 

dff 


(R.56) 


Clearly  the  3.4  multiplier  is  uncertain  by  perhaps  a  factor  of  2, 
however  it  suggests  that  the  more  probable  interior  winds  will  be 
severe  winds. 
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Br10  BLAST  LOAD  DISTRIBUTION  IN  UPPER  STORIES  (SAMPLE  PROBLEM) 

This  section  illustrates  the  use  of  the  "Blast  Loading  Sim¬ 
ulation  Model"  described  previously,  when  applied  to  the  solution 
of  a  typical  problem.  The  subject  building  is  illustrated  in 
Fig.  B. 12 .  This  is  a  long  and  narrow  (38  ft),  four-story  office 
building  which  consists  of  a  reinforced  concrete  frame  and  non¬ 
load  bearing,  nonarching  masonry  walls.  All  windows  and  door 
openings  are  20  sq  ft  and  represent  25  percent  of  wall  area. 

Rooms  are  16  ft  along  the  short  direction  and  10  ft  wide  in  plan. 
Bay  width  along  the  long  direction  is  12  ft.  The  objective  of 
this  problem  is  tc*  illustrate  some  of  the  salient  features  of 
this  simulation  model  by  determining  the  distribution  of  dynamic 
pressure  on  the  third  story  of  this  building  when  subjected  to 
a  1  MT  surface  burst  at  the  range  of  14.7  psi  (approximately 
84Q0  ft) .  Input  data  required  by  the  simulation  model  are  the 
following: 


NB  (number  of  bays  (rooms)  front  to  rear  of  building) 

NS.  (number  of  stories)  =  4 

NSB  (initial  story  analyzed)  =  3 

NST  (final  story  analyzed)  =  3 

NW  (number  of  bays  in  the  long  direction)  =  1 

BL  (building  length)  =  38  ft 

BW  (bay  width  in  the  long  direction)  =  12  ft 

3H  (building  height)  =  40 

Room  Data  (Three  Rooms) 

Room  1  RL  -  16  ft,  W  =  10  ft,  H  =  8  ft 

Room  2  RL  =  3  ft,  W  «  10  ft,  H  »  8  ft 

Room  3  RL  »  16  ft,  W  =  10  ft,  H  =  8  ft 

Wall  and  Window  Data  (One  wall  type  used) 

PC  (incipient  collapse  overpressure)  =  2  psi 
DTC  (time  to  maximum  wail  response)  =  20  ms 

(wall  window  area);  =  20  sq  ft,  A2  =  0  sq  ft, 

A^  =  0  sq  ft,  =  20  sq  ft 


B.12  Sample  Office  Ouilding  (Elevation) 


CC  (coefficient  of  contraction)  =  1.0 
Weapon  Environment  Data 

WY  (weapon  yield)  =  1  MT 

OP  (incident  free  field  overpressure)  =  14.7  psi 
Integration  Times 

TINC  (time  increment  in  filling  integration)  =  0.001  sec 

TSTOP  (total  duration  of  filling  integration)  =0.10  sec 

Results  of  the  analysis  are  plotted  in  Figs.  B.13  and  B.14. 
Figure  B.13  gives  the  details  of  the  filling  phase  in  terms  of 
average  total  overpressures.  Figure  B.14  provides  the  dynamic 
pressures  in  each  of  the  three  rooms. 

W'  begin  the  analysis  by  surveying  some  of  the  pertinent 
dimens:  'nless  numbers  given  in  Table  3.1.  For  a  1  MT  surface 
burst  the  positive  phase  duration  for  overpressure  is  1.7  sec. 

With  the  free  field  shock  speed  of  1538  ft/sec,  the  diffraction 
time  for  the  third  floor  at  the  front  of  the  building,  t^  = 

29.25  ms,  and  at  the  rear,  t^r  =  58.50  ns.  With  the  reflection 
coefficient  of  3  at  this  range,  the  ratio  of  p^/p°  (incipient 
collapse  overpressure /peak  reflected  pressure)  is  0.0454,  and 
the  ratio  of  Atc/t^^  (maximum  wall  response  time/diffraction 
clearing  time)  is  1/3.  These  two  ratios  indicate  that  shocks 
are  fully  capable  of  destroying  the  walls  in  the  diffraction 
clearing  phase.  Very  large  values  of  Pc/p°  would  imply  no  damage 
to  walls  in  the  loading  process. 

The  value  of  (t„/D*^)“  is  0.172.  This  ratio  of  the  time  for 
/  ri  p 

the  wall  to  vanish/positive  phase  duration  indicates  that  walls 
will  vanish  (producing  clear  openings)  about  halfway  through  the 
positive  phase  duration. 

The  ratio  of  tp/t^f  (chamber  fill  time/diffraction  clearing 
time)  is  1.89  indicating  that  filling  will  occur  at  a  sufficiently 
fast  rate  such  that  the  diffraction  model  needs  to  be  included 
in  the  simulation  process. 
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This  preliminary  discussion  provides  a  basis  both  for  setting 
up  the  problem  and  for  examining  the  results  given  in  Figs.  B.13 
and  B.14. 

Figure  B.3.4  illustrates  the  filling  phase.  Superimposed  on 
the  average  results  for  each  of  the  rooms  are  the  external  free 
field  conditions  of  overpressure,  dynamic  and  reflected  pressure. 
Response  (failure)  times  of  each  of  the  four  walls  are  indicated 
by  the  circled  numbers.  In  the  absence  of  wall  failures  pre¬ 
dicted  by  the  shock  analysis,  room  (hallway)  would  remain  at 
atmospheric  pressure  since  no  door  or  window  openings  lead  into 
it  from  adjoining  rooms.  Figure  B.13  indicates  that  in  fact  flow 
into  Hg  begins  at  21.52  msec  and  the  pressure  has  risen  to  nearly 
free  field  at  34  msec  when  the  rear  wall  of  this  room  fails  (due 
to  the  fact  that  the  pressure  across  wall  3  is  above  2  psi  after 
24  msec,  and  the  shock  from  the  rear  offers  no  counterpressure 
until  47.59  msec).  When  wall  3  fails,  flow  begins  into  the  rear 
chamber  (R3)  from  the  front,  a  half  mmllisecond  before  the  inflow 
from  the  rear  window  begins;  thus  up  to  about  50  msec  R3  has 
inflow  from  both  directions. 


Dynamic  pressures  during  filling  are  given  for  the  center 
station  of  each  room  in  Fig.  B.14,  recalling  that  velocity  varies 
linearly  front-to-rear  in  the  model  used  here,  so  dynamic  pres¬ 
sures  vary  as  quadratics  in  x.  Accordingly,  R3  has  a  positive 
(rear-ward  directed)  dynamic  pressure  at  room  center  at  all  times, 
because  the  positive  inflow  from  the  front  is  always  larger  than 
the  negative  inflow  from  the  rear  in  this  case.  Clearly  these 
dynamic  pressures  are  negligible  during  filling,  being  both  small 
in  magnitude  and  of  short  duration.  Even  if  it  is  noted  that  the 
actual  flow  near  the  front  of  che  room  is  a  jet  concentrated  over 
the  orifice  area  (rather  than  spread  over  the  room  section  as  in 
this  model) ,  so  that 


3front 


/ao~!6  pd 


front 


here,  the  impulse  is  negligible  over  a  100  msec  duration. 
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APPENDIX  C 

SIMULATION  MODEL  OF  PEOPLE  SURVIVABILITY 
IN  CONVENTIONAL  BUILDINGS 


C.l  INTRODUCTION 

This  appendix  describes  the  computer  program  used  for  survi¬ 
vability  estimates  of  existing  conventional  buildings.  Basically 
it  is  a  simplified  version  of  several  SEP  code  routines  and  the 
translation  survivability  routine  described  in  Appendix  A,  in 
which  parameters  critical  to  the  problem  were  identified  and 
sufficient  exercising  of  the  detailed  routines  was  accomplished 
to  permit  rapid,  reliable  estimates  to  be  made  from  these  results. 
Survivability  tc  translation  in  the  blast  wind  was  found  to  be 
the  most  critical  factor  and  thus  was  studied  in  greatest  detail. 
The  remaining  sections  of  this  appendix  describe  the  '*ari.ous 
routines. 

C.2  TRANSLATION  SURVIVABILITY  ROUTINE 
C.2.1  .Description 

In  the  process  of  exercising  the  translation  survivability 
model  (see  Appendix  A)  it  was  determined  that  for  a  specified 
weapon  (in  this  case.  a  1  MT  surface  burst),  the  translation 
survivability  result j  could  be  treated  as  functions  of  overpres¬ 
sure  and  distance  to  a  downwind  vertical  hard  surface.  A  para¬ 
metric  study  was  undertaken  utilizing  the  rigid  block  translation 
model  (see  Appendix  A)  with  varying  overpressure  and  distances 
to  downwind  wjii  (also  including  the  possibility  that  no  ver¬ 
tical  obstructions  remain).  The  results  are  presented  in  tabu¬ 
lar  form  for  people  initially  standing  and  prone  (Tables  C.l 
and  C.2). 

The  siriplified  translation  model  is  essentially  a  table 
lookup  with  modifications  for  specific  buildings  because  of  walls, 
shading  fre.r.  blast,  and  room  geometry  (Appendix  A).  Areas  in 
buildings  >re  identified  as  having  the  following  characteristics: 
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room  length,  room  width,  room  height,  sill  height,  window  width, 
wiudow  lieight,  wall  failure  pressure,  and  distance  to  downwind 
wall.  For  a  total  building  any  number  of  different  areas  may  be 
identified  and  the  survivability  based  on  the  average  results 
(weighted  proportionally  to  the  area)  for  each  separata  area  is 
obtained. 

The  model  consists  of  four  routines:  MAIN  program,  subrou¬ 
tine  TRANS ,  function  KNOCK  (see  Appendix  A) ,  and  subroutine 
SURVIV.  The  MAIN  program  reads  the  input  data,  calls  subroutine 
TRANS,  accumulates  and  averages  the  results,  and  outputs  the 
average  survivability  estimate.  Subroutine  TRANS  is  the  main 
body  of  the  routine.  It  contains  the  table  data,  calculates 
shielding  from  the  walls,  reduces  interior  pressures  by  calling 
KNOCK,  and  obtains  results  from  the  tables  by  calling  SURVIV. 

For  each  different  area  a  uniform  distribution  of  people  is  ob¬ 
tained  by  dividing  the  area  into  ten  sectors  and  averaging  re¬ 
sults  for  people  initially  in  each  of  these  areas.  Subroutine 
SURVIV  is  simply  a  table  lookup  with  linear  interpolation. 
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C.2.2  Flow  Chart  for  Subroutine  TRANS 


fnput :  Room  TengtHT 
Room  Width,  Sill  « 
Height,  Window  Width! 
Window  Height,  Room 
Height  and  xw  for 
Each  Room _ 


1 


Calculate 

Window 

Percentage 


Determine  the 
percent  of  £ac 

Sector  Shielde 

■ 


«  Divide 

£ 

the  Room 

!j - 

into  [ 

j 

10  i 

1 

slSik  _  1 

Yes  . 


^or  Prone  Posi¬ 
tions,  Determine, 
the  Percent  Each! 
!  Sector 
is  Shielded 
by  the  Sill 


Determine  ] 
Survivability! 

for  Each 
Overpressure 


Knock  Down  ] 
the  Inside  1 
.Pressure  3ased i 
on  Window  ' 
Percentage 

J 


4-4-. 

mneSur- . 

••99-  f 


Determine  the 
.'Percent  of  Un 
,< shaded  Area  for] 
Each  Sector 
and  Body 


— - - -  — _ _ _ 

j  Determine  the”? 
Distance  from 
the  Back  Wail 
to  the  Center 
of  Each 

- Se£tor_. _ 1 


.1 

\ 

.  '  Do 
No  -  the 
Walls 
\^Fail? 


\Yes 

>— 


Reduce 
Interior 
Shielded 
Area 
to  Zero 

U"  ’ 


i 

i —  .  i  . 
f  Determine 
Percent  of  Room 
Not  Shielded 
from 

Blast  | 

_ i 


! 


I 

.  _  . 

jFor  Each  Over¬ 
pressure  Deter 
mine  Surviva¬ 
bility  where 
No  Back  Wall 
- Exists _ 


r  — 


DetermI 
■viv ability 
;  Based  on  Over-i 
•  pressure  and  : 
•Distance  to  Waif 
UL°JL Each  Sector  j 


I  Calculate  ~j 
I  Sector  j 

Survivability  •' 

’  with  Respect  f 
to  Area  ; 
Affected  s 


(Calculate  Total 
Survivability 
with  Respect 
to  the  Area 
Affected 


i 


,  Get  Average 
i  Survivability 
~  for 

.  the  Room 


I 

| 

■/ 

J 


& 


225 


C.2,3  Translation  Survivability  Routine  Listing 
MAIN  PROGRAM 

DIMENSION  ,\iA,’e{l3).FCTRU5),STt?">#F7(2n),SOVST(20).SKVPK(20> 

REAL  lr 

10HC  READ(3i2#EN0=5cn)(NAME( !), 1*1. 13> 

' 2  FORMAT { 13A6 ) 

Z'kZlb'M)  n.IFCT^U  >,!=l.lv> 

11  FORMAT  {  I?.3X.l3Ff>.n) 

O'*  50  1=1,20 

ST(  I  )  =  i«, 

DO  PT{ T )=3. 

f*  JJ  TE  ( o » 4  H  f\'A>'£(  I  >#  1  =  1.13) 

«  >»«  > 

5  F  )RV AT {  ’  FCT  R » 7X  *  LF  *  ttX  •  viR «  8X *  SH*  8*/  *  Ww *  HX » WH » 8X  *  RH ’ gX » Pfc »  8X  *  X W ’  ) 

O  -  2L  Jsl.N 

r*FA0<b»12>  LR.wR,SH.Wtf»VH,RR,PB,XP 

12  FOR*AT<eFlO.G> 

V.  ^ITE(6,!?rb)  FCTR(  J},LR,WP,Sri.V*VtWM,KH.PB,XW 
5>:‘b  f  :s?  «T(//JFin,3> 

C  'Ll  ~R\V?CLK»«5\F!.!,V.W,Vh,R>  ,  PB#  X'-',  SKVST,  RRVPR ) 

SRVf T( 1 ) - 100 . 

3*<V»k(i)sJCG. 
or  ?r,  Nsi.zr 

bT(<)rST(<)*S^V:-7(K)*FCTR£  J) 

70  ?  T  <  r»  J  spT  (  <  3  »VPk(  K  )  oFCTRC  j ) 

?0  C  ,:.T  i  Ml.r 

*MTfc.(6,«H  *<*  -t'(  I  )»  1=1#  17) 

<  F  3k\/  T(  »1*  ,  13.AG/} 

«  *'ITE(6, 77) 

77  Fr,R"AT£  '  DLAOT  TRANSLATION  Sl'R'v  I  V'AblLI  TV  RESULTS’/////) 

V,  -  JTt:C6.7^> 

■»b  r  -h'^T('  F*Lf  FIELD  P£R  CENT  SURVIVORS’/ 

*  '  0VERFFFSSUKL'/7X’ CpSI ) ’?y’ STANDING  prune*//) 

O'-  °C  -=1.2‘ 

F  =  J 

<0  I  Tt  ( 6  j  1  li  )  r,S7(  J),PT(  J) 
ill  F  or.''*/  T(7a«Fp.  l*$X*Fi>.l»f>X*F5.!  ) 
g  '  tc  in:,.- 

br0  STJP 
E  D 
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sjs^qjtine  Tf<AMsaftiWK,5H,w»',WH,RH,pa,X’<;, ttvsTpSwa 

DIMENSION  5  *X <  1 9 , 1 4 ) ,  SNXP <19,14)*  SP.VS t  <  20  > ,  Sfc  VPR  (  2  J  ) 

0 1 MEWS I  ON  A4£A<  50 >  .  AKF.APt  50 )  *  X(  50 )  *  SRV I  VH<  50 )  ;  SPVl  V*5!  50  > 

DATA(  f  S»1X.<  I»g)*  JS3 ,14),  Jsi.  J9)  /l,  .  ,9,13*1,,  ,925*  ,y62»  ,957,11*1, « 

1  ,95,  ,923,  .9l«*U*l,  •  ,523.  ,S06,  .571,  .«»»,  .5,  .752,  .752.  ,755,  .751, 

2  4».  755,  .7,  ,695.  .689,  .229,  ,36,0. »  ,  5:'4 ,  ,  595 , 6* .  509 «  ,  5,  ;4S/,  .527, 

3  ,li 4, ,2U5, ,Q29, .252. , 252,5* . 254, , 4*9, .3. , 276. , 365, 0. . , 055, , 058, 

4  ,0*2.  .1)39.5*0. .  .47  (1.  .2,  .205,  .253.0.,  .031,  .  032, ,  017*  ,  020, 5*0 . , 

5  ,2*.  ,1.  .131,  *141»0*.  .007,  .005,  , 003,8*0,  >  ,  U8»  ,  102,  0,  *  .  003,  ,1102* 

6  9#  •, ,  .029,  .063,12*0. .  .022.  ,044,12*P. ,  .  014 ,  ,  0?4»°i2*0 . ,  .G'J9,  ,020. 

7  f 2»a. * ; 004, .029, i2*0. I .002, ,015,53*0,/ 

04TUISW  i.  J)»  J*l,  14),  1  =  1,19)/  72*1, ,  ,952,  .4*69,  .67/,  ,943,  ,996, 

1  °«l,, .904, ,739, .753. .346, .992,9*1.,  .691, .370. .377, ,443, .496, 3* ,5, 

2  .5^9, .643. ,75,3*1 .477,7*0. , .n90, ,236, .501,3*1 . , .239,7*0, , .349, 

3  , 1 43  *  ..'S;.?.*'  .  ,  .  “70.11*0.,  2*1.  «  ,  75,11*  0  * ,  ,8/5,1,  1 ,50,11*0,.  •  7P 1 

4  1. .  .  25. 11*. ,  .5/5, 1 .0, ,  125, 12*0 ,  »1.0»  13*0,  ,1.0,13*0.  ,1,  * 

5  13*0, .3 .,13*3,/ 

COrt-401  i/'y-iKl /  3Sx ,  SKXP 

R£a!. 

WtAL 

P  *■  I  -  ( ,  .i  1 )  /  {  *  O 

I?<v*,LF..*,0.)  G-.  TC  37 

A  A  s  1_  ,  »  {  —  :y  ,  )  *  (  •■R***«i  •/ )  /  (  0 , 40*1  n+tl'A  ) 

P  ’  ;  f  ’  S  1  , 

p=l. 

U-)  74 n  J- 1 ,  1  y 
P  =  P!‘ij  T+i . 

PI.vITsP 

!r<P,GT,Fn  AA=‘. 

IF(e.uT.PO,  P=K-.QCk{  P'.VJ ,  P  ) 

CAL',  ;  Vi  p .  X  • ,  SrJV ,  SR'7^  ) 

srvm-: j-d  =  : i.-.-ft-rs-'v  *  aa)*ioo. 

S 9  wr :)  •  j+  1  )  =  1 1 .  -  A  ft +s= VP*  ft  A  )  *  1 3!) , 

7.18  c^n-ijF 
r  :kv 
37  •<*! 

# :  ! 

Al  =  -nOX 


/si 


i  > 


1<J 


06 

Ant  "•  p {  <0  s  a  1 
A9£t{  <<i=Al 

J=0 
F,.  *  * 

b  44  03X 

I F(  -a.GT.  AA)  GO  70 
00  • 

A7s.l{  J)s(PW*B^;*UX/?  . 
4*<t  Ay (  J  Js ar£a<  J> 

F/=  1, 

U  »  =  r'..*9, 4  4*  3x 
Iet“*.;7.UR)  GO  TC  10 
C  0-',T  | 

CO  TO  11 
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if 

I 

i 

I 


10  J+l  >3Al-( Vi"— Fw)»t  VR-rWJ/9.38 

iWt'rt  J«-l>  =  SRF.A(<J*1> 

U  J  =  0 

IF(SH/0,22.WT«0*>  GO  TO  70 
DO  *0 

ARtAP( J)=A«£AP{ J)-rfW*OX 
IF{  f  {  j+D#DX*0.22J.Gt.SM)  GO  TO  70 
ao  c;o -in 

70  A  ?r  »,P (  J+i  )  S  iRc  *•••“(  j+1 ) - <  .SH- J*0X#0  4  22 5 » V«»/ 0 , 22 

00  *>c  J=l/N 

AR£;,(  .j)  =  d  «£A( J) 'al 
?0  A*~  *P(  JjsARcA1’!  J)/Al 
T£MP=wR+Dx/2. 

00  'SC 

X(  j)  =  TE-:iP-0< 

"50  T £’-,;'s  >  (  j) 

F>1  , 1  Tsl , 

<<=  • 

DO  .100  JS 1 ,  J  9 
f’  =  P!  -iJT+1. 

PI  /T:  ’ 

SJ  1SJ, 

SJ'-lPsC. 

i-r-’.rT.po. A^.-c^.eo.o)  go  to  20G 
I  Pi-’.  T.PD  PiK'.OCMPS'llP) 

GO  ro  ;? 

200  O'1  }9  <=1,N 

A^t-V  -  )  =  i. 

09  ARfl  *.P(  O-t. 

KX=  J 

^3  Dn  HO  1  =  1/" 

c.tl'  p. >:<  i  )#sKv»?»Rvpj 

3  ?’/  IV=v  U  =  ;.-AREdt  :  )  +5Rv'«  ARP*  (  I  ) 

SPV!V=(  t  }  =  1  ,-aKf-rtP(  I  )  +  SRV'P*AREAPC  I  ) 
sj'.=s  j  i*sr;iv6(  i ) 

110  SJ.*!*’=SU  !Pt-S*V!VP<  ! ) 

SRV:’T ( J+i )  s3Urt*lu*- 1  /’i 
SR  ,'.'R ( J*1 )  -  i,W«130 .  /M 
VI G  C.VTIVi,-- 
R=T 
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C.2.4  Translation  Survivability  Routine  -  Notes 
MAIN  Program:  input  variables 
First  card:  Make  of  building 


Second  card:  N  -  number  of  different  areas  within  a  build¬ 
ing  for  which  pertinent  parameter  S  will 
be  input  (N<15) 

FCTR  -  array  containing  N  values  representing 
the  fraction  of  the  total  survivability 
results  attributable  to  each  distinct  area 
within  the  building 

|  I  FCTR(I)  “  X.oj 
*1—1 ,N  / 

Third  and  following  cards  (area  parameter  cards) : 

LR  -  length  of  room  (ft) 

WR  -  xtfidth  of  room  (ft) 

SH  -  height  of  x^indow  sill  (ft) 

WW  -  x>ri.dth  of  window  (ft) 

WH  -  height  of  window  (ft) 

RH  -  height  of  room  (ft) 

PB  -  failure  overpressure  of  exterior  wall  (psi) 

XW  -  distance  to  downwind  wall;  if  XW>60  ft 
then  no  wall  is  assumed. 

A  total  of  N  area  parameter  cards  are  required  in  order  with 
the  FCTR  array  of  the  second  card  x^hich  prescribes  the  relative 
weight  of  the  survivability  results  for  each  set  of  area  param¬ 
eters. 

C.3  PROMPT  NUCLEAR  RADIATION  MODEL 

Sensitivity  studies  on  the  SEP  code  resulted  in  the  survi¬ 
vability  curves  shown  in  Figs.  C.l  through  C.4.  These  curves 
apply  to  typical  exterior  walls  over  a  range  of  window  percen¬ 
tages.  An  interpolation  routine  for  these  curves  was  written. 
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C.4  PRIMARY  BLAST  AND  ACCELERATION 

With  regard  to  fatalities,  primary  blast  and  acceleration 
were  found  to  be  relatively  inconsequential  for  typical  buildings 
and  were  not  included  in  survivability  estimates.  However, 
should  injury  criteria  be  considered  both  of  these  effects  will 
need  to  be  included. 

C. 5  DEBRIS  MODEL 

Debris  results  from  the  SEP  code  are  used  for  the  debris 
survivability  model.  Several  parametric  cases  were  run  (see 
Fig.  C.5)  and  many  typical  buildings  can  be  assumed  to  fit. one 
or  a  combination  of  these  cases.  Other  buildings  of  markedly 
different  characteristics  are  run  independently  on  the  S£P  code. 
The  debris  survivability  model  is  probably  the  least  cred.ible  of 
all  the  routines,  and  it  is  hoped-  that  continuing  research  into 
the  problem,  especially  debris-people  interaction,  will  resolve 
some  of  the  uncertainties  involved.  The  present  routine  repre¬ 
sents  the  best  estimates  currently  available. 

C. 6  THERMAL  RADIATION  MODEL 

C.6.1  Description 

During  the  parametric  studies  of  the  SEP  code,  it  was  de¬ 
termined  that  thermal  radiation  is  not  negligible,  but  neither 
is  it  a  major  mortality  hazard.  Due  to  the  large  amount  of  data 
required  for  operation  of  the  code,  a  simplified  thermal  routine 
was  implemented  (Fig.  C.6).  Since  the  geometry  of  a  ground  level 
blast  is  very  simple,  the  percentage  of  occupants  of  a  building 
exposed  to  thermal  radiation  is  easily  determined.  The  param¬ 
eter  is  based  upon  window  size  and  outer  room  length,  and  was 
input  to  the  routine  along  with  sill  height.  Body  area  exposed 
was  determined  on  the  basis  of  sill  height;  exposed  body  area 
burned  was  based  on  the  radiant  exposure,  and  burn  mortality  was 
determined  from  the  total  body  area  burned.  These  data  are 
identical  to  those  currently  used  in  the  SEP  code. 
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C.6.2  Thermal  Radiation  Model  -  Listing 


DIMENSION  T3v 19  >  # NAME < 10 ) 

DATA  { TQC  N) , N*l# l9)/367 .42*343, 96, 320,51, 3Q1, 28#2R2, 0? » 2»3 » 1* » 
•238, 215.  r-0.' 193, 47, 176. 4i,  i59, 33,  j  4  3. 20. 127, 35, l.?6. ^2, 

*78,  .‘*2, 60.90,48. 25 ,24, 89, 13,84/ 

25  READ(5.2.E?P-1000HNAME(NJ,N=1,10) 

2  FORMAT { 10 A6) 

REAO(  *>,  l  )P£SIX,  SILHT 
1  F0RMATI2F10.3) 

WRlTE(6.4)(NAMt(N),*;si,10> 

4  F0R'lAT((l'*10A6//SXf* THERMAL  RADIATION  SURV! VABlLlT*’//) 
WRIT£(6.3)P£«IX, JILHT 

3  F0.TN*T(/»  PE3CEM  OCCUPANTS  EXPOSED  *  ,F7 , 3// •  SILL  HEIGHT’ ,F7, 2) 
WRITE f  6, 4  H  NAMEf  M > , N=l, 10  J 

WRI TE( 6 » 5) 

5  FOH-?AT(  5(  *  ’/J.iPX, ’FREE  FIElO’  ,9X,  ‘PERCENT  '/17X,  • OVERPRESSURE  * 
•7X, *3 Jfiv IVORS’/) 

IFtSlLHT.GT, 5. 74)  GO  TO  200 
P2RRXci.-<SlLHT/3,76> 

200  P=R3x=«4*pER8> 

DO  100  ILsl,l5 
LNTU\-.56*TQ(  IL) 

IP<E\TRaN.lT.4*  )  r-0  TO  40 
IF  (EMRAM.0T.6,  )  SC  TO  41 
BJRMaa,35«EWT-A-.-33.4 
GO  TO  30 

<1  I c( EN7RAN, G T . 16 , 7 )  GO  TO  42 

8jn  ,=  16.? 

GO  TO  30 


42  BJR'-'si  ,3*ENTRA  g-4,6 

IFC3URN.GT.iQ0.)  PURNslOQ, 

GO  TO  30 
40  SJRi=3. 

30  PER3ARrPEREX*-iU  ^ 

PER  I0»= ,  $«r»£RSAh 

IF(PERBA8,GT,10, )  PERM0R=l,4*PER3A5-8, 
IrtaERBA8.GT.2-;,  J  PERHQR=2 , 54»PERBaP-30 * 7? 
IF(PcpBAB.Gr.31, >  PERM0R=l,69*PER3A9-2.68 
!F(PER»3Afl,GT.49,  )  PERNOR*! , 09*PF.R8aB*,26 , 5 
i F{  PERBAS . G1 . 60 )  PERNORs  ,  4*PERBA8+5e » 

I F( °ERBA9, GTo  ?0 , )  PPRMOR=100, 

PERoURsiOO . -PERvOR*PER I X 
FF03*?l-iL 

100  WR J TE( 6, 8 )FCQP» PERSUR 

a  FOR ^ATC  20X, Fft , 2, IPX, p7 , 2/  ) 


C.6.3  Thermal  Radiation  Routine  -  Notes 
Input  Variables 

First  card:  Name  of  building 

Second  card:  PERIX  -  percentage  of  building  occupants  ex¬ 
posed  to  thermal  pulse 

SILHT  -  height  of  window  sill  (ft) 

The  variable  PERIX  is  based  on  the  fraction  of  the  building 
area  which  is  exterior  rooms  facing  the  blast.  In  addition, 
the  fraction  of  window  length  as  compared  to  total  wall  length 
on  the  exposed  side  of  the  building  is  included.  The  product 
of  these  two  fractions  expressed  as  a  percentage  is  the  per¬ 
centage  of  people  who  are  in  direct  line  with  the  thermal  pulse. 

C.7  TOTAL  SURVIVABILITY 

Since  survivability  with  respect  to  each  hazard  is  deter¬ 
mined  separately  for  each  overpressure  level,  the  total  survi¬ 
vability  is  taken  as  the  product  of  the  survivabilities  for  each 
hazard.  Total  survivability  is  determined  for  both  standing  and 
prone  positions,  and  the  results  plotted  as  a  function  of  free 
field  overpressure  at  the  building  site. 
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